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ABSTRACT
This thesis reports a study of a viable way to pursue the aim of the production of 
ultra-shallow pn junctions for the next generation of CMOS devices (70 nm node). 
Pai’ticulaiiy the ion implantation of alternative species to boron as p-type dopants has 
been investigated. Indium and gallium were the selected species for this purpose. 
Particular attention has been paid to the study of the electrical activation of the 
implanted layers in relation to annealing conditions and with the nature of the starting 
material (crystalline or amorphous). Regarding the use of indium a further study 
involving the co-implant of another species (such as carbon) has been carried out.
Results have been obtained using Hall effect measurements to assess the 
electrical properties in terms of electrical activation, Hall mobility and sheet resistance 
of the implanted layer. Rutherford Back Scattering has been used to evaluate the 
dosimetry of the samples as implanted and after thermal treatment and to obtain 
information about the atomic distribution of the dopant inside the layer, especially in 
terms of its lattice location, and of the damage induced by the bombar dmeiit. Secondary 
Ion Mass Spectroscopy has been used to assess the atomic profile as a function of the 
depth for the implanted layer and achieve information about the diffusion of the dopant 
during annealing. Transmission Electr on Microscopy has been used to check the level of 
damage after the dopant implantation and to assess the residual damage after annealing. 
The data obtained has been compared with the output of Montecario simulations.
The results show that a very low electrical activation is achieved when indium is 
used. This result, which is in agreement with the previous data reported in the literature, 
is due to the very low solid solubility of the species and to the deep acceptor level which 
is characteristic for indium. It is shown that using carbon as co-implanted species it is 
possible to raise the indium electrical activation. This activation enhancement is 
discussed to be due to three different effects that the carbon co-implant has on the 
indium implant. Namely, an increase of the dopant integration within the silicon matrix, 
the generation of a new shallower acceptor level within the bandgap and a lower degree 
of residual stress and damage in the re-grown crystal after annealing. Moreover, a
different behaviour of the electrical characteristics as a function of the annealing 
conditions is shown for indium and indium-carbon co-implants. We argue that the 
difference is due to the evolution of the carbon atoms inside the layer when the anneal is 
performed.
For the gallium implants the electrical activation achieved is very high (>90% of 
the implanted dose). By comparison with the data achieved for indium it is discussed 
that the higher degree of activation is due to a shallower acceptor level and, also, to a 
lower degree of stress induced by the presence of the dopant atom in the silicon crystal. 
The high density of dopant achievable suggests a correction in the Hall scattering factor 
to achieve more reliable data. The dependence of the electrical characteristics on the 
annealing conditions has been investigated. The results show that a better activation is 
achieved when anneals at low temperature and short time are performed. The use of pre- 
amorphisation allows the achievement of a higher degr'ee of electrical activation. We 
discuss that this effect is due to the avoidance of dopant segregation at the end of range 
damage band. Regarding the as-implanted samples it is noticed that to disregard the 
channelling effect for a species as heavy and lar'ge as gallium can lead to a wrong 
calculation on the tail of the distribution, with an underestimation of the junction depth.
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C h a p te r  O ne
1. In t r o d u c t io n
1.1 VLSI Technology
The silicon-based technology is, nowadays, an essential part of our daily life. A 
world without the tools based on silicon chips and integrated circuits is haidly 
conceivable.
The first time that a solid device capable of acting as a switch was fabricated it was 
in 1947, when the point contact transistor was invented in the Bell Telephone 
Laboratories. It was immediately obvious that there were several advantages to such 
devices for the design of laige switching systems, such as computers. In the late fifties 
the first integrated circuit was built at Texas Instruments. We can consider an integrated 
circuit as a gioup of insepaiably connected circuit elements fabricated on and within a 
semiconductor substrate. Usually the substiate is made of silicon doped with some sort 
of impurity, such as phosphorous or boron, in order to modify the electiical properties of 
the semiconductor according to the requested specifications. One type of impurity gives 
rise to an excess of electrons inside the semiconductor, (gi’oup V elements), the other 
(group III elements) produces an excess of holes (missing electrons), these becoming the 
carriers of electricity inside the doped layer. In the first case the material will be named 
N-type, in the second it will be called P-type.
The layers produced are assembled together in order to fonn tiansistors that aie 
interconnected to produce a certain desired electiical function. Thus, each individual 
kind of transistor is designed to satisfy paiticulai* applications.
The main technological devices in use today aie Metal-Oxide-Semiconductor 
(MOS).
The NMOS (n-channel MOS) is made up of interconnected N-channel regions in P- 
type silicon. The channel lies between two n-type doped regions (see figure 1.1) acting
1
as source and di'ain for the electricity carriers (in the NMOS case electrons). Such an N- 
channel transistor is a 4-terminal device. Connections are created in the source, drain 
and on the back of the substrate. Then a thin layer of insulator (usually silicon dioxide) 
is gi'own on the substiate in the region between source and drain. Over this layer a 
conductor (such as polysilicon) is deposited. This terminal is called the gate. If the 
voltage here is the same as the one on the source and diain there is no current flow. If 
the voltage is made positive it will attract elections bom the bulk toward the substiate 
surface just below the insulator layer. This event will increase the local electron 
concentration changing the nature of the substrate at the interface from P to N. This 
means that previously we had an NPN junction between source and drain resulting in a 
physical obstacle for the cairiers to flow between the two regions. When the gate voltage 
is applied a conductive path between the two regions is created. Under these conditions 
raising the voltage in the drain with respect to the source will result in a net flow of 
carriers across the conductive channel created.
Gate
Source LWWWWNI Drain
( N- ) [ N- ) '
P-Silicon
Figure 1.1 Schematic view of a NMOS transistor
There are, hence, three main physical phenomena associated with the MOSFET 
transistors:
1) establishment at fabrication time of a pn junction
2) ability to change locally the carrier concentration by applying a voltage to the 
gate
3) cuiTent conduction between source and drain by applying a voltage, provided 
the gate voltage is high enough (Thieshold voltage V^ ) to allow the creation 
of a conductive path.
Such a enhancement NMOS is called n-channel because the application of a voltage to 
the gate creates a conductive n-type path.
Since the start of the era of the integiated circuits (ICs) it was clear* that the 
reduction in size of the devices would have resulted in reduced costs per function and 
improved performances. As device dimensions decrease, the intrinsic switching time in 
MOSFETs (Metal Oxides Semiconductor Field Effect Transistors) decreases linearly 
(their channel length divided by the carrier velocity gives the intrinsic delay 
approximately). Another advantage of device miniaturisation is given from the reduction 
of power consumption.
Hence this is why since the very beginning of the production of ICs there has been 
research in miniaturisation that resulted in a trend in reduction of device dimensions, as 
can be seen in the following table:
Le v e l  o f
iNTEGRATiON
D a t e C h ip  S ize M in im u m  
L In e  W Id t h
T r a n s Is t o r s
PER CHiP
Small Scale 
Integration (SSI)
Early 1960s Immxlmm 30|ui 22
Medium Scale 
Integration (MSI)
Mid-Late 1960s / 30-300
Large Scale 
Integration (LSI)
1970s 2.5mmx2.5mm 10^ 1 1250
Very Lar ge Scale 
Integration (VLSI)
1980s 6mmx6mm 3p 80000
1990s lOmmxlOmm 0.5p. 8000000
Table 1.1 Evolution of Integrated circuits [Bai*82,Kin82]
Since the 1960s the annual rate of reduction has been 13%, bringing an improvement of 
device speed of four orders of magnitude and decreasing the energy dissipation for a
logic gate by over five orders of magnitude [Sze88]. One of the ways to reduce further 
the size of the devices was the realisation of CMOS (Complementai*y-MOS) where 
NMOS and PMOS are coupled together in the device structure creating, between them, 
wells of opposite conductivity. PMOS devices are identical in concept, but 
symmetrically opposite to the NMOS devices. In PMOS the source and drain regions aie 
produced by p-type doped regions on an n-type substrate. The physical phenomena 
involved are exactly the same, with the only difference that the majority carriers are 
holes.
According to Moore’s Law the rate of miniaturisation is expected to double the 
number of transistors per square inch every year. Subsequently Moore has coiTected the 
expectation, according to the experimental evidence, stating that a doubling of the 
transistors happens every 18 months. In this way the law should hold for at least two 
other decades [wwwOl]. However the cunent technology based on boron as main p-type 
dopant presents problems that challenge further the reliability of this law and the overall 
further integr ation of the circuits.
The aim of this project is to find an alternative way to by-pass the problem 
related with the use of boron through the development of new technologies based on 
alternative species to act as p-type dopants.
This thesis is organised in sections describing the research work earned out. 
Following this introductory chapter, where the topic and the aim of the project are 
presented, chapter 2 will give a brief survey of the technological motivations of the work 
and about the state of the art of the scientific community on the subject. In chapter 3 we 
will present the theoretical background to the experimental techniques used. Chapter 4 
will provide a description of experimental techniques, whilst chapters 5 and 6 will 
present the results. Chapter 7 will be the inner core of the thesis with the discussion of 
the results. Finally chapter 8 will provide the conclusions drawn from the work 
performed.
C h a p te r  T w o
2. L ite r a t u r e  S u r v e y
2.1 ULSI Teclmology
ULSI is an acronym for Ultra Lai'ge Scale Integiation. The integration, expressed in 
terms of number of transistors per chip has increased by about 4-5 orders of magnitude 
in the past 30 yeai's [Iwa97].
Since downsizing the MOSFETs results in decreasing the switching time of the 
transistors, improvements in the performance and speed of ULSI circuit devices are 
made by scaling down the device dimensions.
In this context, the reduction of the gate length of the MOSFETs assumes a major 
importance because the gate length determines the performance of the tr ansistor.
Obviously, as the size of the gate electrode is reduced, “the vertical and lateral
dimensions of doped regions in the silicon substr ate must shrink as well” [Jon98].
Making the gate length small, however, results in a reduction of the distance 
between the depleted source and drain layers, which can promote the flow of a leakage 
current even when the state of the transistor is “off’ [Yau74]. This is one of the so- 
called Short Channel Effects, which affect negatively the transistor properties when the 
size of the device is reduced. This effect can be quantified in terms of the lowering of 
the threshold voltage (V,)> which has been empirically found to be proportional to the 
gate length (L) and a function of the thickness of the doped S/D extensions (xj) 
according to the expressions [Liu93]
A V t o c e ^ ^  (2.1.1)
x^x^x/^Xox  (2 .1.2)
where the parameter Xox is the gate oxide thickness. Moreover, reducing the gate length 
results in the so-called punchthrough effect. Namely, the field lines are not confined any 
longer near* the channel but all over the substrate promoting leakage and instability of 
the devices [Fic80]. One way of overcoming this effect is by keeping source and drain 
junction depletion as far apart as possible using shallow junctions.
Nevertheless it is well know that reducing the thickness of the S/D extension results 
in an increase of the sheet resistance (Rs) of the doped layers, unless it is accompanied 
by an increase in the caiiier mobility or concentration, according to the following 
equation [Sze88]
Rs-[\^^q(PpP(x)+fXun(x})dx]'^ (2.1.3)
Usually, at the high concentration used for the source and drain extensions the mobility 
is saturated at the low values due to the impurity scattering. Increasing further the dopant 
concentr ation can result in a further decrease of the mobility due to dopant precipitation. 
The sheet resistance is one of the components of the series resistance involved in the 
transistor working state, this being given by the sum of it with the contact resistance 
(R co), the spreading resistance (Rsp) and the accumulation resistance (R ac), as follows 
[NgK87]:
Etotal~Rco'^Rs'^F.^p+Rac (2.1.4)
This increase of the total par asitic resistance in the S/D resistance causes, in turn, a 
reduction of the cunent of the transistor in the “on” state. This effect leads to a decrease 
in the noise mar gins of logic circuits using the device [KoK89]. According to Skonitki et 
al, however, the contribution of the source and drain extensions to the parasitic 
resistance is lower than 10-20% and according to their simulations they conclude that 
having box-shaped ultra-shallow junctions is desirable even if this would affect 
negatively the sheet resistance [Sko03].
Another important parameter that has to be taken in account when considering a 
junction, apart from its depth, is the shape of the dopant distribution. It has been shown, 
in fact, that increasing the abruptness of the junctions allows a more ideal behaviour 
inhibiting thermionic generation of carriers [Jon96]. Kim and co-workers showed that 
for the 50 nm node using an ultra-shallow box-shaped profile can reduce the Raccess by 
about 40% [Kim02, Kim02bj.
From what has been stated, thus far, the motivations that push the research toward 
the achievement of ultra-shallow junctions are clear. It is, in fact, one of the most 
important techniques to reduce the short-channel effects, which cause the device to leak 
when its length is scaled beyond the 0.1 pm gate length.
The MOS devices have sti'iictures rather more complicated than the one depicted in 
figure 1,1. Apai’t from the gate and the S/D extensions, there aie several other 
components, such as channel, and bulk doping structures to conti'ol and adjust the 
threshold voltage and to limit leakage phenomena. The technology required to create 
such structures, via implant at moderate energies and high tilt angles, is quite well 
developed. It is not possible to aigue the same for the process required to create ulti'a- 
shallow junctions. In this case the ai*ea is still under investigation, attracting, obviously, 
a very high interest.
Refening to the 2001 edition of The International Technology Roadmap for 
Semiconductors (ITRS), edited by the Semiconductors Industry Association (SIA), the 
further integration of the MOS devices has became a challenge because “[...] the 
traditional transistor and capacitor formation materials, silicon, silicon dioxide, and 
polysilicon have been pushed to fundamental material limits and continued scaling has 
required the intioduction of new materials.” [SIAOl].
Especially from the point of view of source and drain extensions the ITRS draws 
very restrictive predictions for the near" and far future (see table 2.1).
T h e  In t e r n a t io n a l  T e c h n o l o g y  R o a d m a p  fo r  S e m Ic o n d u c t o r s: 2001
Year of Production 2002 2003 2004 2005 2006 2007
Gate length (nm) 75 65 53 45 40 35
Drain Extension Xj (nm) 
Maximum drain
22-36 19-31 15-25 13-22 12-19 10-17
extension sheet resistance 
(PMOS) (£2/sq)
460.0 550.0 660.0 770.0 830.0 760.0
Table 2.1 Expectations draft for the near future according to the ITRS2001 
(SIA). As the gate length decreases the junctions depth is expected to scale 
down to 10 nm by 2007. The acceptable resistance rises to 760 Ohm/sq. For 
the long term the expectations are for gates shorter than 10 nm with Xj<6 nm 
and sheet resistance up to 1200 Ohm/sq by the year 2016 [SIAOI].
The achievement of such shallow layers with those levels of resistance (table 2.1) is 
not such a big issue for the NMOS devices. Due, in fact, to the higher solid solubility in 
silicon of the n-type dopants and to the fact that the junctions can be processed at lower 
annealing temperatures with a lower degree of diffusion, shallow n-type junctions aie
easier to fabricate. Already in 1995 a process for the formation of a device with a 40 nm 
gate and junctions depth of 10 nm, achieved using phosphorous solid phase diffusion 
was reported [Ono95].
The problem of satisfying such expectations is much more pronounced for the 
PMOS devices, where the p-type dopant used in the source and drain extensions is 
boron. The use of such a species leads to a series of problems mainly related to its low 
mass and small size, and with the diffusion behaviour it exhibits during the post­
implantation thermal annealing treatment.
It has to be noted that the aggressive downscaling of the junctions requires a 
complicated trade-off between the junction depth and the series resistance produced by 
the structure that will become more and more difficult to achieve from one technological 
node to another. Shallow junction processing includes all the required steps of dopant 
introduction, activation and diffusion. The process to produce such ultra-shallow 
junctions, furthermore, has to be integiated easily in the existing CMOS process. 
Possibly the way used has to be compatible with the creation of both p and, when 
required n-type, shallow junctions.
2.2 Ion Implantation
Ion Implantation is the method presently used to introduce the dopant into the 
silicon layer because of its unique properties on the control of the dopant location and 
concentiation. According to the ITRS 2001 this technique should be used at least for 
another decade [SIAOl].
Due to the random events which the single ion undergoes when striking the target, it 
is well established that Monte Carlo simulations aie a useful tool to predict the spatial 
distribution of lai'ge doses of the implanted species within the layer [Zie85].
Wlien implanting in crystalline silicon it is possible that a fraction of the incident 
dose can penetrate deeply in the crystal following particular crystal planes or axial 
directions, giving rise to the phenomenon of channelling [Zie85]. Channelling effects on 
the distribution of the dopant within the implanted layer can be minimised using a tilt 
angle of 7°, in order to avoid exposing the channel to the incident beam. However when 
the implantation energy is reduced enough the tilt angle is no longer sufficient to prevent
channelling. Collait et al. have shown this behaviour for boron implants perfomied at an 
energy lower than 5 keV [Col97].
In this case implanting through an amoiphous layer can be much more effective in 
preventing the channelling. Already in 1983 Tsaur and Anderson showed that using the 
same implant specifications for boron (25 keV 2x10^^ cm‘^ ) in c-Si and a-Si (from 100 
keV lO'^ Si  ^ cm’^ ) results in avoiding the channelling tail in both as implanted and 
annealed samples. The observed junction depth decreased from 380 nm to 250 nm. 
Furthermore they observed a decrease in sheet resistance (from 120 to 60 Ohm/sq) when 
using pre-amoiphization, which they assumed to be due to a better quality of the re­
grown crystal [Tsa83]. In their experiment they annealed the samples with a two step 
treatment (1 h at 600 °C followed by a 10 min at 900 °C). In a later experiment Ozturk 
and co-workers showed that the positive effect of the pre-amoiphisation disappeais 
when the post-implantation anneal tieatment is performed at T>950 °C, since under such 
conditions the diffusion behaviour of boron defines the dopant distribution and the 
junction depth [Ozt88]. Jones showed that, although the pre-amorphisation is effective in 
reducing the channelling, the formation of FOR defects during the annealing can affect 
the boron final distribution due to the boron Transient Enhanced Diffusion (TED). In 
this regards the temperature at which the pre-amoiphising implants aie performed is 
important due the effect that it has on the as implanted defects distribution [Jon97]. The 
mass of the implanted species has a certain importance too. In fact, when heavy atoms 
aie implanted the dose required to fully amorphise the implanted layer is smaller than 
the one needed in the case of lighter species. Furtheimore the amorphous-crystalline (a-
c) interface produced using heavier species is shaiper with a smaller density of point 
defects beyond the a-c interface [Jon88]. This explains why a pre-amoiphization 
treatment is required when boron is implanted, since the amoiphising dose of this 
species is much higher (10**" cm'^) than the doses used for device fabrication. There aie 
also several results on the effect that the pre-amorphisation has on the electrical 
properties of the annealed layers. It has been shown, in fact, that implanting in pre- 
amorphised layers allows a better electiical activation of the dopant to be obtained 
(lower resistance and higher canier concentration) after thermal annealing, especially 
when this is performed at low temperatures. This effect has been explained in tenns of a
better quality of the re-grown crystal, of a larger incorporation of the dopant atoms in 
substitutional sites during the low temperature Solid Phase Epitaxy (SPE) and to a 
Idnetic factor in the deactivation process of the dopant [Tsa83, Hon9b Osb96],
2.3 Annealing
The ion implantation process, used to introduce the dopant within the layer, has an 
important side effect producing damage in the silicon crystal structure. Moreover, the 
dopant atoms aie randomly placed in the target. In order to electrically activate the layer 
a process able to re-grow the structure and place the dopant atoms onto substitutional 
sites in the lattice must be performed. The main process used for this puipose is the 
thermal annealing.
During this high temperature cycle the dopant moves within the layer diffusing 
deeper than the initial as implanted position. The movement of the distribution is often 
found, however, to be laiger than expected according to the thermal equilibrium 
diffusivity values of substitutional silicon dopants in a defect-free silicon crystal [FaiSl, 
Zha95]. This lai'ger amount of diffusion is due to the defects introduced by the 
implantation process. This behaviour has been named Transient Enhanced Diffusion 
(TED) and it depends upon the dopant used and the damage introduced inside the layer 
and the annealing conditions. Boron TED has been widely studied and, due to the nature 
of boron diffusion (interstitial mechanism [Sad99, Win99]) it was concluded that the 
enhancement of the diffusivity of boron is due to a supersaturation of interstitials. For 
instance, using delta doped (boron) layers Stolk et al. found an increase of about 20x in 
boron diffusivity, due to the damage introduced by a silicon implant in silicon [Sto95].
Although it assumes higher relevance for boron, TED is a problem common to 
several dopant species, since it has been observed for arsenic [Ki'i97], antimony [Eag97], 
phosphorous [Cha96] and indium [NodOO], whilst no clear evidence of gallium TED is 
reported in the literature.
The common approach to reduce the amount of diffusion, which the implanted 
species undergoes, is by reducing the thermal annealing budget. However, the annealing 
conditions have to be carefully selected according to the degree of damage that is 
present in the as-implanted layer. If, in fact, the implantation specifications are such as
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to create a continues amoiphous layer, a temperature as low as 550 °C is sufficient to 
fully re-gi'ow the layer via SPE. If, instead, the layer is highly damaged the re-giowth 
process has a higher activation energy, involving the generation and recombination of 
defects, requiring, hence, a higher annealing temperature [Sze88].
The re-gi'owth of the silicon layer is, moreover, affected by the presence of 
impurities. According to the studies performed by Csepregi and co-workers, the 
electrically active species (such as phosphorous, arsenic and boron) enhances the re­
growth rate of an amorphous layer annealed at 550 °C. The non-electrically active 
species, like nitrogen, carbon and oxygen, have an opposite effect. The difference in the 
re-growth rate between the two groups of impurity is about three orders of magnitude 
[Cse77, Ken77]. Later studies caiTied out by Tsai and Streetman supported the same 
ai'gument, giving also, information about the negative effect that fluorine has on the re- 
gi'owth rate of amoiphous silicon [Tsa78].
Although the annealing at 550 °C of amoiphous silicon can bring about the re­
crystallisation of the layer, it has to be pointed out that using such a low annealing 
temperature does not allow the elimination of all the defects present in the structure. It 
is, actually, found that a band of defects at the amoiphous-crystal interface is formed. 
These defects take the name of End Of Range (EGR) and are mainly composed of 
dislocations loops [Jon88]. These defects can contribute to the leakage current of the 
junction when they aie placed in the space chai'ge region of the device. Annealing 
temperatures as high as 1000 °C are required to remove them. To avoid a lai'ge degree of 
dopant diffusion very short anneals at such high temperatures can be performed [Sed89]. 
A large number of studies have been earned out on the subject, involving the effect of 
the rate of the ramp up and ramp down on the dopant diffusion. These studies have 
clearly demonstrated that the higher the ramp rate is, the lower is the amount of 
diffusion, which the dopant is subjected to [Aga99, ManOl]. An aiea of interest, 
therefore, is also the technique to achieve higher values of ramp rates for the thermal 
annealing [Gue03].
The gas ambient for annealing is also a critical factor which affects the dopant 
diffusion. Studies performed by Cowern have demonstrated that when the annealing is 
performed in an oxidising ambient the diffusion of boron delta doped layers in silicon is
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much faster. The effect was explained in terms of injection of interstitials from the 
oxidised surface [Cow91]. Antoniadis and Moskowitz reported similai* results for 
implanted indium. In this case they implanted indium deep (260 keV) with a dose 
sufficient to obtain a concentiation (4x10'^ In cm'^) well below the indium solid 
solubility. Comparing the broadening of the profile for samples annealed for 30 minutes 
at 1000 °C in dry oxygen and in nitrogen they concluded that indium undergoes Oxygen 
Enhanced Diffusion (OED) due to the injection of interstitials from the surface of the 
layer [Ant82]. On the other hand similar- work performed for antimony has shown an 
opposite behaviour with a retardation in the diffusion due to the oxidising ambient 
[Miz81].
2.4 Trends in US.T fabrication
A large number of gr oups are studying ways to produce ultra-shallow low resistance 
junctions. These studies include alternative ways of dopant introduction, some based on 
the use of plasmas (such PLasma Assisted Deposition (PLAD) or Plasma Immersion Ion 
Implantation (PHI)) [Miz88, Jon97b, Goe99], diffusion from solid sources [Lin89, 
Jia92]. Other studies are carried out on the nature of the post implantation annealing 
treatment, in order to achieve the best electrical activation of the dopant with minimal 
diffusion. Apart from the evolution of Rapid Thermal Annealing (RTA) to spike 
annealing (where the dwell time at the annealing temperature is virtually zero) [Aga99], 
laser treatments are fully investigated for the unique feature of producing layers 
perfectly re-grown with a box-shaped dopant distribution [Tak02, MurOl, AxeOl, 
FelOl]. Another approach to the topic investigates the use of phononic excitation to 
perform the annealing treatment [Set03].
The cunent technology, however, predicts the use of ion implantation, coupled with 
thermal annealing, for the fabrication of ultra-shallow junctions. As a matter of fact, ion 
implantation remains the way to introduce dopants into the layer that can be more easily 
implemented into the technological process of device fabrication. Moreover, it is 
expected to be used for at least another decade. A lot of studies, therefore, are carried out 
with the aim of expanding this technique to the fabrication of ultra-shallow junctions. 
They include the use of implantation of clusters of the dopant species [Mat98, Ki'u03],
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of ulti'a-low energy implants of boron or molecules, usually halides, containing boron 
[Fio99, Osb96]. Especially from the point of view of the PMOS devices, these 
approaches aie still dealing with the use of boron as the main p-type dopant. As we have 
shown in the previous sections, the use of this dopant results in technical challenges 
mainly due to the TED it undergoes during the initial part of the annealing treatment.
A substantial improvement would require either the development of processes able 
to inhibit the TED of the species, or the implantation of alternative species, which 
diffuse to a lesser extent than boron.
2.4.1 Defect Engineering
Much work has recently been earned out on the effects that can contribute to 
minimise the boron diffusion behaviour. The work has mainly involved the use of high- 
energy co-implants and or the use of layers able to trap the interstitials that are the 
defects mainly promoting the boron diffusion.
Regarding the use of high-energy co-implants, several studies have been earned out 
on the effect of silicon. Shao et al have used boron films 10 nm thick deposited on 
silicon, under irradiation with high energy silicon ions (50 or 500 keV and dose 5x10^ *^ 
cm" )^ to show that the vacancy rich region formed by the silicon bombardment is 
effective in reducing the boron diffusion. This was achieved for low annealing 
temperatures (900°C). At higher annealing temperatures, instead, the sample with silicon 
co-implanted at 50 keV shows an enhancement of the diffusion [ShaOl]. This 
achievement is quite well justified, beaiing in mind how the implantation of species at 
MeV energy can separate spatially the vacancy and interstitial rich regions in the silicon 
implanted layers [Cof97].
Regarding the use of a layer that might act as a trap for the interstitial, a lot of work 
has been carried out on the effects that caibon co-implants have on the diffusion and 
electrical behaviour of boron in silicon. In 1993 Nisikawa and Yamaji published their 
work about co-implantation of carbon and boron which demonstrated that using carbon 
is effective in reducing the size and density of class II defects and, at the same time 
eliminate the interstitials which aie trapped by the SiC agglomerates that aie produced. 
This effect increases with the dose of carbon used [Nis93]. In 1993 De Souza and 
Boudinov canied out some interesting work. They implanted boron at 50 keV SxlO '^  ^ in
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the presence of co-implant of carbon at 55 keV (to match the position of the boron and 
carbon peaks) with a dose variation to create layers with different values of the peak 
concentration ratio. They found that when anneals are performed at temperatures 
between 500 and 850 °C the C/B co-implants have a higher activation compared to the 
single boron implant. The situation is opposite for higher annealing temperatures. They 
ar gued that this effect was due to silicon interstitials gettering from carbon atoms with a 
lower kick out of boron from substitutional sites at the lower annealing temperatures. At 
higher annealing temperatures, instead, the decrease in activation was due to the 
precipitation of SiC [Des93]. Craig et al in 1997 showed that TED decreases when 
carbon is co-implanted with boron. They argued that this effect was due to a smaller 
dissolution of the dislocation loops dissolution under annealing [Cra97]. Another 
approach was followed by Napolitani et al, which introduced, by Molecular Beam 
Epitaxy, a carbon rich layer, 100 nm thick at a depth of 250 nm with a concentration of 
2x10^° at cm'^. They implanted silicon at energy of 250 keV with a dose of 3xl0 ’^  Si^ 
cm"  ^ to amorphise the substrate deeper than the carbon layer. Afterwards a boron 
implant (10 keV 1x10^ '  ^ crn" )^ was performed in order to keep the boron distribution 
shallower than the buried carbon layer. The pre-amorphising implant specifications were 
such to create a vacancy rich layer before the carbon rich layer, leaving the interstitial 
rich layer beyond the carbon. After annealing (30s at 900 and 1100°C), a dramatic 
reduction of the TED was observed, that was argued to be due to the carbon distribution 
acting as a banier layer to the interstitials flow [NapOl]. Similar work has been canied 
out by Laveant et al who investigated the diffusion behaviour and found that carbon 
diffusion creates a vacancy rich layer that decreases the boron diffusion and also 
increases the diffusion of antimony [Lav02].
2A.2  Implantation of other species
An alternative to bypass the problems related to the use of boron as a p-type dopant 
is the implantation of other acceptor species.
For NMOS devices the achievement of shallow junctions is allowed by implanting 
heavy donor species such as arsenic and antimony. In PMOS devices gallium and 
indium might be used to replace boron. These species, being larger and heavier than 
boron, when implanted at the same energy would produce an as implanted, shallower
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doped layer. Moreover, the straggling of the atomic distribution would be lower leading 
to narrower profiles, which are required to minimise short channel effects.
Regai'ding the use of indium, however, there are two main drawbacks.
The first is that it is a deep acceptor with the value of the energy level within the 
silicon bandgap being 0.16, 0.157, 0.156 eV [Sze85, Bal77, Ont67], which is much 
deeper than the 0.044 eV reported for boron [Sze85]. This leads to incomplete ionisation 
of the dopant within the layer. Moreover, indium has a very low solid solubility in 
silicon. The values reported in the literature range between the 8x10*  ^and 1.8x10^^ cm’^  
[Tru60, papersolmi], even if for slow re-growth by SPE at low temperatures (T<600 °C) 
a value of 8x10^  ^cm'^ has been reported [Wil81].
However, indium has been widely used as a dopant for NMOS devices. Several 
papers have been published about the use of indium for channel doping. In this case 
indium is used to keep the threshold voltage under control and to control the short 
channel effects. The doses used are rather low (~10*  ^ cm'^) leading to concentiations 
close to the solid solubility values. This results in quite high electrical activation 
[Sha93]. Recent work from Chang has compared the behaviour of indium and boron as a 
channel dopant. The results show that using indium gives a better control over the 
threshold voltage with a lower roll-off. This is due to a lower degree of diffusion and 
segregation into the gate oxide of indium compared with boron [ChaOO]. Similar- 
conclusions have been drawn by To et al. who fabricated a CMOS device with a gate 
length of 60 nm using antimony in the S/D extensions and indium in the channel. They 
achieved a high degr'ee of activation that, according to their calculations, suggests that at 
RT the only limiting factor is the large ionisation energy. As in the other two mentioned 
works, however, the concentration of indium used is very low (-4x10^^ cm’^ ) [ToKOO]. 
Another approach to minimise the short channel effects in NMOS devices has been the 
use of indium as a dopant for pocket implants [Ben96]. It allows the achievement of a 
much higher control over the threshold voltage compared to the devices with no pocket 
implants.
Very recently, however, new interest has ar isen on the use of indium as a potential 
dopant species for S/D extensions. In fact, Boudinov and co-workers have reported that 
a dramatic enhancement of the electrical activation of indium implanted layer at high
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concentration can be achieved when carbon is co-implanted. In their experiments they 
have implanted indium at 50 keV with a dose of 5x10^ "^  and caibon at 50 keV with dose 
4x10^^ [Bou99]. They argued that this behaviour is due to the formation of a complex 
defect Ins-Cs, which has been found to produce a level (0.111 eV) shallower than single 
indium in the silicon band gap [Bar’77, Bar79b]. It has to be borne in mind that at this 
concentr ation, the indium atoms, which exceeds the solid solubility, are expected to pile 
up in the re-growing a/c interface, get segregated in the surface oxide and be subjected 
to evaporation [Whi82]. Moreover, even if to a lesser extent than boron, it is known that 
indium undergoes TED [Gri98] and OED [Ant82], which is a hint suggesting an 
interstitial diffusion mechanism.
Gallium seems, from the point of view of the position in the band gap, a better 
choice for p-type doping as an alternative to boron when compared to indium. The 
ionisation energy reported in the literature is 0.072 and 0.067 eV [SzeSl, Bie96], which 
produces a level much shallower and closer to boron than indium. Moreover, the 
reported level of solid solubility exceeds the value of 1x10*  ^at cm'^ (3x10^^ at 1000 °C 
at thermal equilibrium [Wol69]) which is much higher than the solid solubilty values 
reported for indium. The potential use of gallium as a p-type dopant to fabricate USJ for 
S/D extensions has been, therefore, thoroughly investigated.
Implanting Ga^ at energy between 40 and 70 keV and doses ranging from IxlO '^  ^
and 2x10^^, through an oxide layer 20 nm thick, Matsuo et al. reported that after 
annealing for 10 s at different temperatures in dry N2 a peak concentiation higher than 
10 °^ cm'^ was observed. A substitutional fraction of about 70 % was found for annealing 
performed at 650 °C. They furthermore found values of sheet resistance ranging between 
200 and 600 Ohm/sq, which increases with increasing annealing temperature and/or 
time. They concluded that this effect is due to a redistribution and precipitation of the 
dopant [Mat87]. Lin et al. suggested that using pre-amorphising implants would result in 
an increase of the electrical activation of the implanted layer. They implanted gallium at 
50 and 75 keV with a dose of 1x10^  ^ and 3.15x10*^ cm" .^ The annealing was performed 
at temperatures in the range 550-1000 °C with times ranging between 10 and 90 s. The 
layers so produced had sheet resistance values ranging between 100 and 500 ohm/sq, 
with an estimated gallium activation of about 75% [Lin88]. Their results were consistent
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with ref [Mat87] in suggesting that low annealing temperatures and short times aie 
needed to achieve the highest values of electiical activation. This achievement is in tune 
with Crowder who, in 1971, was stating that for species as heavy as gallium, with low 
amorphisation thieshold (about 3x10^ "^ ) the best way to achieve re-growth of the layer is 
via low temperature solid phase epitaxy of the implanted and amoiphised layer [Cro71]. 
Steckl et al. implanted gallium using a Focused Ion Beam at 5 keV. After annealing for 
30 s at 600 °C, spreading resistance profiles of the doped layers showed junctions as 
shallow as 20 nm with a peak concentiation of about 10^  ^cm" .^ The SIMS profile of the 
as-implanted samples showed, instead, a peak concentiation of about 10^  ^ cm'^, in good 
agreement with the TRIM simulated profile [Ste90]. The same authors found that by 
vaiying the tilt angle of implantation, that channelling is, for gallium, much less 
extensive than for boron [Ste91]. Novak et al. implanted gallium at energies between 2 
and 10 keV and a dose of 1x10^  ^ cm'^, and performed annealing for 30 s at 600 °C. He 
achieved a peak concentration of about 2x10^° at cm"^ , but the activated fraction, 
estimated through spreading resistance profiling (SRP) analysis was about 0.1%. 
Introducing correction factors for the mobility values used in the SRP analysis showed 
an activation of about 5-10% [Nov92]. This result, together with the ref [Ste90] might be 
well explained if it is considered that, according to Biesemans, gallium is not suitable for 
practical use as a dopant because it tends to out-gas from the sample surface producing a 
huge dose loss, unless a silicon nitride capping layer is used [Bie96]. Nevertheless, the 
analysis of a similai' set of samples via Electrochemical Capacitance-Voltage 
measurements resulted in a value of electrical activation much higher than those 
achieved previously, leading tow aid an almost complete activation of the implants 
[Mog92]. Similai' results have been obtained by Pairy and co-workers that implanting 
gallium at low energy (5.5 keV), with doses ranging between 0.6xl0'^ and 1.4x10 '^  ^cm'^ 
achieved complete activation for annealing performed at temperatures lower than 600 °C 
[Par97].
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C h a p te r  T h re e  
a  Ba c k g r o u n d  t h e o r y  o n  Sa m p l e  pr ep a r a tio n  a n d  A n a lysis
This chapter is devoted to an overview of the processes required to prépaie the 
samples and to the techniques used to analyse them.
3.1 Sample preparation
The preparation of the sample is a long process composed of many single events. 
The introduction of dopant in the stalling material is the first step. This is achieved 
through ion implantation. This process creates a highly damaged layer that needs to be 
repaired to allow electiical conduction to take place. In order to do this thermal 
annealing is performed on the implanted samples. At this stage the specimens are ready 
to be submitted to ion beam analysis (RBS, SIMS) or some other beatment such as 
transmission electron microscopy (TEM). To perform electrical characterisation with 
Hall effect measurements, however, another step is required to create the required 
sample structure (Van der Pauw pattern, clover leaf). This is achieved through the use of 
photolithography. At the end of the process another step, the metallisation, is required to 
produce the ohmic contacts on the surface of the specimen created.
3 .1 .1 1on Implantation
The starting point for the material processing involves the intioduction of the 
required dopant inside the virgin wafer. To accomplish this task we need a method that 
allows the intioduction of the species in a controllable, reproducible way. During the 
early 1960s the ion implantation technique was developed which satisfied the mentioned 
requirements. The basic idea is straightforward: dopant atoms aie vaporised, ionised, 
accelerated and directed towards a silicon substiate. Once at the substrate they penetrate 
inside it. In their path they exchange energy by colliding with the tai'get atoms, and 
finally come to rest at some depth within the lattice. The idea of using ion implantation 
in order to dope semiconductors was patented at Bell Labs in 1954 [Sho54]. The main 
side effect due to the technique is the production of a damaged layer because of the
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disruption of the lattice intr oduced by the collisions induced. The removal of the defects 
is achieved using annealing techniques. Due to the easy implementation of the technique 
in the microelectronic devices industry over the last few decades ion implantation has 
been extensively adopted in production. Especially in the area of integrated circuit 
fabrication it has became the dominant technology, for example in the production of 
CMOS devices. In the next few sections an overview of the ion implantation technique 
will be presented with regard to the range theoiy and the damage production.
3.1.1.1 Range Theory
This section reviews the basic theory of ion implantation, including collision, 
stopping effects, calculations of range, the effect of a crystal lattice.
Even if this implantation process involves a beam of many ions interacting with a 
solid surface containing many atoms, it is easy, to explain the fundamentals of the 
technique, to refer to the interaction of a single ion colliding, in succession with only one 
target atom at a time.
It has to be considered that the usual impinging energy (keV) is much larger than 
the lattice binding energies (from 10 to 20 eV). Therefore, unless the incident ion comes 
very close to a lattice atom it will not be significantly deflected by the effect of the 
interactions with the lattice. This allows the development of a theory of ion scattering 
based on two main effects:
1) Collisions between nuclei with deflections of the ion and displacement of the 
lattice atom from its lattice position. The ion will suffer deflections for each 
singulai' collision event. Similarly, if the energy transfeiTed is sufficient, the 
atom displaced in its path could produce other collisions and displacements of 
lattice atoms. The overall result of this will be the creation of a damaged region 
in the layers bombarded. This kind of collision is called nuclear or elastic. The 
problem is treated as a collision between two point masses in a classical 
mechanics point of view.
2) Interaction of moving ions with electrons ai'ound target atoms. In this case the 
ion colliding can produce ionisation or electron excitation. This will lead to 
photon and electron emission from the system. This kind of interaction is 
inelastic and it is called electronic stopping.
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Thus, it is usual to consider that the incident ion loses its energy, along its path 
inside the solid target, by two independent mechanisms, namely electionic and nuclear 
collisions. In the first one the energy will be tiansfeiTed to the electrons of the tai'get 
atoms, and the ion will suffer no or negligible deflection. In the second one kinetic 
energy is transferred to the struck atom, with a considerable deflection of the trajectory 
of the bombai'ding ion. At high velocities, or more precisely high incident energy, the 
nuclear effect is negligible and the elechonic losses dominate the slowing down process.
The sum of the two mechanisms gives the total stopping power S, which is the 
energy loss (E) per unit path length of the ion (%). The usual expression for it is the 
following:
S==(dE/dx)n+(dE/dx)e (3.1.1)
By the evaluation of the stopping power and its integration it is possible to find how 
far an ion will travel inside the tai'get before losing all its energy and coming to a rest at 
some depth.
The relative importance of the two mechanisms of stopping is well described in fig. 
3.1. In the usual cases of implantation for device fabrication the typical energies used 
range between 10 and 200 keV. This energy window falls at the left of the figure where 
mainly the nucleai' stopping mechanism takes place.
Low Energies Intermediate Energies High Energies
Stopping
Powers
Electronic i stopping
Nuclear
Stopping
Ion Velocity
Figure 3.1 Relative amount of nuclear and electronic stopping power as a 
function of the ion velocity [Cru86]
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Both the stopping mechanisms (electi'onic and nucleai-) contribute to the energy loss 
of the incident ion inside the taiget. The ion, once implanted, follows a random path as it 
moves thi-ough the target. The total path length in silicon is composed of a mixture of 
horizontal and vertical motion and is called Range R. The projection of the range in the 
vertical direction (normal to the surface implanted) is called Projected Range Rp and 
represents the implanted depth (fig. 3.2). Considering the laige amount of ions 
introduced during the implantation process (usually laiger than 10^  ^ ions/cm^) it is 
possible to consider that Rp represents the average depth of the implanted ions. The 
distribution about that depth can be approximated as a Gaussian centred at Rp and with a 
standard deviation ap (fig. 3.3).
Ion Beam
Target Surface
Figure 3.2 Schematic view of range and projected range.
With this assumption the ion concentration n{x) as a function of the depth will have 
the following expression:
n(x)=noexp[-(x-Rpf/2op^ ] (3.1.2)
Obviously this model is an approximation, the real distributions differ from it. To 
take into account those differences justifying the discrepancies between this model and
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the real profiles, either parameters such as skewness and kurtosis or other distribution 
functions, such as PEARSON, can be considered.
In the range theory presented we have been, implicitly, talking about a target 
randomly stiuctured, with an ion undergoing random collisions in its path inside it.
When the implantation tai'get is a solid with crystalline structure the impinging ion 
can move through particulai’ directions, such as atom rows or planes, so that it travels 
long distances without undergoing nuclear collisions. Ions aie steered down these 
channels by glancing collisions with the atom rows or planes. Hence they can travel 
through the solid longer distances, resting, eventually, at a deeper position.
This phenomenon is known as channelling and it is responsible for an asymmetrical 
final implant distribution inside the target, resulting in a tail on the deeper side of the 
disti'ibution.
Log ion concentration
n(R p)
0.6  ii(R p) op
Ion Beam
Figure 3.3 Approximation of gaussian atomic distribution of the implanted 
species.
The channelling is characterised by a critical angle Ti, which is the maximum angle 
between ion and channel for a glancing collision to occur. Neglecting target thermal 
vibrations for an ion impinging with energy in the range of keV the angle is given by the 
following expression [Gem74]:
9,=9.73<(ZiZ2/Ed) (3.1.3)
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Where Zi and Z2 aie the atomic number of the ion and tai'get atoms, E is the ion 
energy (keV) and d is the atomic spacing along the ion direction (Â). From the equation 
it follows that channelling is much more likely for heavier species and lower energies.
To avoid channelling common practice is to perform the implant at a tilt angle of 7° 
from the surface normal. The choice of an appropriate rotation angle has a great 
importance to prevent planar channelling.
Once channelled the ion loses energy mainly thiough electronic scattering. Since the 
electronic density of the material at the centre of a channel is much lower than in a 
random direction, the electi’onic stopping power for a well channelled ion will be much
smaller than expected, leading to a disti'ibution much deeper than expected.
Ions can be de-channelled by the effect of thermal vibrations of the tai'get, or the 
presence of crystal defects and foreign atoms. Generally channelling is often limited by 
damage of the crystal due to unchannelled ions. Hence another way to prevent 
channelling is the use of a preceding silicon implant to create an amoiphous layer on the 
tai'get surface, this is called pre-amorphisation.
To model the channelling effect is not stiaightforwaid. It is usual to add an
exponential tail to an amoiphous profile achieved experimentally.
3.1.1.2 Damage
As seen, an ion, in its path along the atomic aiiay of the solid target bombaided, 
loses its energy in different ways (nuclear or electronic collisions) reaching, finally, a 
resting position.
In the case of electronic scattering the energy lost by the ion is tiansfened to the 
target producing ionization or electionic excitation with consequently photon and 
theiinal emission. In the nucleai* scattering regime the effect is different. Since the 
binding energy of a lattice site is only 10 to 20 eV, it is quite easy to produce 
displacement of the target atoms. Moreover, both ion and displaced atom have enough 
energy to produce further displacements on tiavelling through the tai'get. The energy is 
spread over many moving paiticles resulting in the so-called collision cascade. The 
overall result is the production of vacancies (missing atoms in the lattice positions) and 
interstitials (atoms resting in non-normal position in the lattice). The atoms implanted
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can accommodate themselves in the lattice position free from atoms displaced, 
producing a substitutional impurity.
After the implantation of many ions the target, supposed to be crystalline at the 
beginning of the process, will be highly damaged in a disordered state. If the taiget 
temperature is high enough a competing process, called self-annealing, will occur 
leading toward partial repair of the damage induced. Therefore, the final degi'ee of 
disorder is very temperature dependent.
We should consider the nature of the damage induced by the implantation. 
Implanting heavy ions in light mass targets results in a more dense cascade with 
resulting defect structures very different from the other extreme (light ions in heavy 
target).
In the first case when a heavy ion (like In) impinges on a surface (like Si) the 
deflected ion continues into the lattice accompanied by a primary recoil atom. Both of 
them could possess enough energy to produce other displacements in the following 
collisions. Basically, the ion energy is shared among a number of atoms recoiled and the 
same ion impinging will produce a collision cascade having cylindrical form with its 
axis on the path of the ion. Actually, as the energy of primary ions decreases the fraction 
of energy it loses in a collision increases. Thus the recoil density will increase as the ion 
penetrates deeper into the solid, until a value of ion energy is reached that is no longer 
enough to promote the displacement of lattice atoms. Consequently, the proper form of 
the recoil cascade is more like an ellipsoid of revolution with the long axis along the ion 
track. Overlapping the disordered region produced by all the ions implanted results in 
the overall effect of the heavy ion bombai'dment of the production of a backgiound sea 
of simple defect structures and a disti'ibution of larger, denser disordered regions of 
vai'iable dimension.
For equal ion energy the light ion transfers less energy. The displacements produced 
aie more sepai'ated and the energy belonging to the recoil atom will be lower. The result 
is the creation of very little damaged regions not overlapping to create the giant cascade 
of collisions that we can find in the heavy ion case. Furthermore, the ion will be more 
scattered in its tiajectory creating a zigzag path. So we can no longer think about a giant 
cascade with overlapped individual cascades, but rather of a collection of small cascades
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foimed close to the ion path and contained more or less by the extreme of the ion 
trajectories as it slows down. But this is an average picture. Considering the total 
number of incident ions, there will be the possibility, even with light ions, that some 
closely spaced dense cascades will be produced. Thus, the overall picture, as with heavy 
ion inadiation, will be a sea of simple defects and a distribution of denser disordered 
volumes.
The ion energy too has an effect on the amount of the damage induced. In fact only 
nuclear scattering damages the target, and, as previously seen (fig. 3.1) the magnitude of 
the nucleai' stopping power is a function of the ion energy. Moreover for a given energy, 
the heavier the implanted ion then the larger will be the nucleai' stopping power and, 
consequently, the larger the degi'ee of damage produced.
The dose rate is another important parameter. In fact the primaiy defect production 
is a result of simultaneous or consecutive processes:
• Processes in and around a single cascade, including
interactions between simultaneous and overlapping 
subcascades;
• Supeiposition (synergism) of processes produced by ions
falling on or around previously damaged, but still 
“active”, zones.
The possible interaction between the damaging event is a function of the time 
elapsing between one impact and the next in the same aiea (where we can consider the 
same area a cascade with diameter of ~10 nm. However in the case of “régulai” 
implantation, ions hit the same aiea on a scale of seconds long enough to allow the 
quenching of the previous damaging event. Thus the damage accumulation, for low (RT) 
temperature takes place through independent events.
All the mentioned effects on the bombaided taiget aie called defects. The defects in 
a solid aie not produced just by ion implantation. All solids contain defects in their 
lattice.
Defects can be classified as:
1) Point defects (vacancy, interstitial, impurities);
2) Extended defects (dislocations, amoiphous phase, stacking faults)
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Disregarding the impurities, which are present even in the most caiefully refined 
solids, since the production of defects in a lattice, in the absence of external excitation, is 
due to the atomic vibrations aiound their equilibrium positions there is a dependence of 
the number of defects on the temperature. This dependence follows the Maxwell- 
Boltzmann statistics:
„  (3.1.4)
Ud =^exp
where na is the defect concentiation, N  is the number of atoms per unit volume, Edj. is 
the energy required to create the defect, k is the Boltzmann's constant and T  is the 
absolute temperature.
Both kinds of defect can move within the lattice. The rate of defect migiation is 
given by a Boltzmann probability function similar to that of their production. The 
activation energy for such migrations is usually lower for the interstitials (their 
migiation allows the local relieving of the strong lattice strain induced by their 
production) than for the vacancies, so that they migiate rapidly to sinks.
Frequently during the migration process defects can agglomerate to form clusters of 
two or more, representing a reduced strain in the surrounding lattice compared to that 
due to the same numbers of isolated defects. This explains the relative stability of that 
kind of structure. If interstitials and vacancies contact they combine, annihilating 
themselves and restoring the lattice perfection.
The strain associated with these clusters can lead them to precipitate into more 
energetically favourable configurations. A common configuration is the collapse into a 
plane or sheet of either vacancies or interstitials, which represents a discontinuity in 
lattice perfection over an extended area. These extended defects are known as 
dislocations, which can be classified as edge or screw dislocations according to the 
symmetry of the structure produced.
Interesting considerations can be pointed out regarding the distribution of the 
damage. It has been shown using Monte Carlo calculations [Maz86] that because of the 
forward peaking nature of the momentum of an incoming ion a vacancy-rich zone is 
formed in the region extending from the surface down to ~ 0.8 Rp. Between Rp and 2 Rp 
an interstitial-rich zone is created.
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As clearly stated in this section, the production of defects is due mainly, 
disregarding the effect of electronic scattering, to the displacement of target atoms from 
their crystalline sites. According to Morehead and Crowder [Mor71] when the number 
of displaced atoms in a unit volume reaches the atomic concentr ation, i.e. all atoms have 
been moved, the process of arnorphization takes place.
A simple evaluation of the amount of displacement induced by the implant can be 
achieved by dividing the total energy deposited into nuclear scattering, among the 
possible displaced atoms. In fact, if the energy required to displace an atom from its 
lattice site (displacement energy) is Ed then a moving ion will be able to increase the 
number of moving particles only if its energy is larger than 2Ea. If its energy is smaller 
maybe it can still remove the atom but it will be trapped in that position since its final 
energy will be lower than Ed. It will be possible, thus, to estimate the number of 
displaced atoms as
N(E)^n/2Ed (3.1.5)
In this approximation any annealing effects have been, implicitly, disregarded.
The amorphous state produced maintains a very short-range order, hence its “onset” 
might depend on the detection method.
It is possible to define, for a given implant energy, a critical dose as the minimum 
required to induce target arnorphization. Obviously heavier ions, displacing a greater 
volume of target atoms per ion, will require a lower dose than lighter species. It is 
commonly accepted that for medium to heavy implants in silicon this dose is around 
lO^ '^  ions/cnf [Cro71, Zie88].
We can conclude that the balance between two different processes sets the as- 
implanted state. The instantaneous damaging event leads to amorphization of the layer 
and the competing self-annealing behaviour. This balance can be moved in either 
direction by choosing the appropriate experimental conditions. For the purpose of 
doping and activation usually the production of amorphous states is favoured because of 
the more effective annealing of the layer achievable.
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3.1.2 Thermal Annealing
As introduced in section 3.1.1, the process of ion bombai'dment produces damage in 
the implanted layer. The presence of defects results in deep-level canier traps resulting 
in increased resistivity. It is clear that a treatment is required to bring the system back to 
an equilibrium state, with few residual defects. This tieatment, so called annealing, 
places the dopant atoms in substitutional sites and repairs the lattice damage, which will 
result in the electrical activation of the doped layer.
The VLSI technology leads toward new requirements. In fact, the activation of the 
dopant is not the only goal. Particular care has to be made to the diffusion behaviour of 
the implanted species under treatment.
In modern technology, moreover, it is important that the post-implantation 
annealing can be successfully implemented in production.
Annealing techniques are characterised on the basis of the amount of energy 
supplied to the material. This energy is usually called thermal budget since it can be 
measured in terms of product of the temperature reached by the specimen during the 
treatment and of the time that the specimen spends at the given temperature.
The main annealing techniques are thermally achieved (furnace or rapid thermal 
annealing). However to accomplish more challenging tasks required by modern 
technology, other tools are becoming more and more important. Among them laser 
annealing has particular importance. In the next few sections we are going to introduce, 
briefly, the basic theory about annealing, with special regal'd to the thermal treatment, 
which is the technique used during this project.
3.1.2.1 Basic Concept
As mentioned above, the main goal of the annealing techniques is to re-grow the 
damaged layer after implantation. Reactions between the defects present inside the layer 
have to be promoted to achieve this. The kinetics of these reactions can be described in 
terms of Boltzmann-factors
A=Aiexp[-AEi/kT] (3.1.6)
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It follows, therefore, that for every process taking place during the annealing, 
including the thermal re-giowth of the damaged layer, it is possible to obtain an 
exponential dependence involving the operating temperature.
The choice of the annealing conditions to be used depends upon the nature, and the 
dose of the dopant used. It is, also, important to consider the level of damage introduced 
into the implanted layer. The conditions required, in fact, are extremely different if the 
layer has been damaged or amorphised.
If the layer is amoiphous its re-growth takes place tlnough Solid Phase Epitaxy 
(SPE). The a/c (amoiphous/crystalline) interface moves towards the surface with a speed 
that, as mentioned, depends exponentially on the temperature used. The velocity of the 
re-giowth is, obviously, a function of the crystal orientation of the wafer and of the 
impurity present, since it changes the atomic interaction of the layer and changes the 
activation energy of the process.
When the layer is not amoiphized, in order to achieve re-giowth and effective defect 
annealing, the generation and recombination of point defects is required. Since the 
activation energy of this process is quite high, the temperature needed is above 900 °C 
[SeiVl]. It is, therefore, usually easier to repair a totally amoiphized layer rather than 
paitially damaged, with a lower temperature tieatment in a Furnace.
An incomplete annealing can be monitored in terms of a partial electiical activation 
of the dopant. It is useful, hence, to refer to isoclnonal annealing plots where the 
activation of the implant for a given annealing time is reported as a function of the 
annealing temperature. An alternative method is isothermal tieatment where at a given 
annealing temperature the electrical properties are monitored as a function of the 
annealing time.
During annealing, in parallel with the damage repair, a process of diffusion of the 
implanted impurity takes place. The speed of this process will depend on the 
temperature, but its overall magnitude will be a function of the length of the process. To 
minimise the amount of diffusion, and produce the full re-growth of the layer, a new 
technique of annealing has been developed. Rapid Thermal Annealing involves the use 
high temperature (up to 1100 ®C) for very short times (normally measured in seconds).
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The usual equipment to perform RTA employs halogen lamps. The heating of the 
specimen takes place through the absoiption of the photons by the free caniers in 
silicon. The intensity of this process, depends on the number of free earners present, 
which are, in turn, a function of the temperature and of the doping, and on the emissivity 
of the layer. This can make the measurement of the actual temperature of the specimen 
very difficult. Usually thennocouples or optical pyrometers are used to measure the 
temperature during processing.
3.1.2.2 Residual Damage
Despite the annealing process resulting in the re-growth of the layer, it is always 
possible to have the presence of residual defects. These defects have huge practical 
importance affecting stiuctural and electrical characteristics of the implanted 
semiconductor. A complete description, with a 5 groups classification, of these defects 
has been proposed by Jones et al [Jon88]. The nature and position of the defects depend 
on the level of damage of the as-implanted material, on the nature and dose of the dopant 
implanted and, obviously, on the annealing time and temperature used.
3.1.3 Optical llthoaraphv
This is the process used to tr ansfer photographic images from a glass mask on to the 
surface of a silicon wafer. This is achieved using ultra-violet light passing through the 
mask and hitting a light-sensitive material previously deposited on the wafer. After this 
step a developing solution is applied to the wafer, which removes either the exposed or 
the unexposed material, according to the nature of the resist. The material remaining on 
the wafer acts as a barrier for the following etching process meant to produce the 
required pattern on the material.
The process, as mentioned, is composed of 4 main parts:
1) Resist spinning and soft baking
2) exposure of the material to UV (Ultra-Violet) light
3) developing of the pattern and har d baking
4) etching process
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Optical lithography is the process used during our research work to produce the Van der 
Pauw pattern (see fig. 3.4) required to perform the Hall measurements. In other cases, 
where a higher degree of resolution is required, shorter wavelengths may be used to 
avoid any problems related with diffraction phenomena, for instance optical lithography 
using X-rays rather than UV is under development.
Figure 3.4 Clover-leaf sample used for Hall effect and resistivity 
measurements according to van der Pauw technique.
3.1.3.1 Resist Spinning and soft baking
To transfer the pattern on the mask with the wanted resolution and shape it is, 
obviously, required that the surface to be exposed is as smooth and flat as possible. To 
achieve such a layer the resist is usually spun across the surface using a spin coating 
system. A few drops of resist are deposited on a sample, which is placed on a rotating 
holder. The speed of rotation (usually ranging between 3000 and 5000 rpm) and the time 
of the process (usually between 50 seconds and 1 minute) determine the thickness of the 
layer deposited on the surface. This parameter is quite important since together with the 
intensity and energy of the UV beam used, it decides whether the resist is exposed, and 
therefore modified, across the whole layer.
After spinning, the resist is soft baked at low temperature to drive off the residual 
solvent present. Temperatures usually used range between 80 and 100 °C for times
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ranging from 30 seconds to 30 minutes. The baking conditions have to be selected 
depending on the nature of the resist and on the thickness of the layer deposited. The 
temperature, however, should not exceed 120 °C because the resist undergoes serious 
structural modifications which make it unreliable for the following process steps.
3.1.3.2 UV Exposure
Once the sample is coated with a uniform and flat resist layer the following steps, 
which are the moment when the required pattern is transferred on to the sample surface, 
can take place.
This step requires the use of an UV radiation transmitted through the “clear” parts 
of a mask. A suitable mask, usually on chromium/glass, is positioned over the specimen 
to determine the kind of exposure used.
In the case of contact printing the mask touches the specimen. This results in the 
best possible resolution and quality of the pattern produced on the resist. However the 
contact damages both the mask and the wafer. Despite this problem contact printing 
continues to be widely used.
To avoid the damaging event the mask can be placed at a small distance from the 
wafer. This is the case of the shadow (proximity) printing. The use of this mask position 
results in an inferior quality of the pattern produced due to diffraction and reflection 
effects.
A third option is the projection printing where the mask is placed on the focal plane 
of the optical system and its image is projected on to the wafer. This way reduces further 
the chance of mask and wafer damage, but introduces problems related with aberration 
of the image produced on the wafer. ^
3.1.3.3 De veloping and hard baking
Once the wafer has been exposed to the UV light it is time to develop the pattern 
produced on to the photosensitive material.
The way to produce this development is different according to the nature of the 
photoresist used. There are two types of resist, positive and negative.
The positive resists have two components: a resin and a photoactive compound 
dissolved in a solvent. The compound is a dissolution inhibitor, which is destioyed under
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exposure to the UV radiation. Therefore the exposed resin becomes more soluble 
producing a caibolic acid in an aqueous alkaline developer solution.
The negative resists are composed of two paits: an inert polyisoprene rubber and a 
photosensitive agent, which, under UV inadiation, promotes the cross-linking between 
neighbour polymeric chains. This, in turn, results in a decreased solubility of the rubber 
in solvent. Thus, in this case, the exposed part will not be dissolved in the developer 
solution.
Once the development process is completed the sample has to be submitted to a 
treatment of etching. To do so, the resist has to gain hai'dness, resistance to the etching 
and adhesion to the substrate. Therefore to drive off any residual presence of developing 
solution and moisture from the samples, the patterned resist is hard baked using a 
temperature of 100 °C for times of about 30 minutes.
3.1.3.4 Etching processes
The exposure and development processes leave on the surface of the wafer a resist 
pattern. Performing an etching process on the sample will result in a selected etching of 
the part of the semiconductor not protected by the resist. This is, hence, the last step to 
produce the required shape on the surface of the semiconductor.
In the case of silicon there aie two possible strategies of etching.
a) Wet etching. In this case the process takes place through the use of a suitable 
etching solution (usually a solution of HF containing an oxidising acid or a 
solution of KOH).
b) Dry etching. In this case a plasma reaction is used. The plasma is composed of 
fluorine- or chlorine-containing gases with or without oxygen.
The resulting etching, shown in figure 3.5, can be summaiised as isotropic, where 
the etching rate is nearly equal in all the directions resulting in an undercut on the region 
protected by the presence of the resist, and anistropic, where the rate of etching is much 
higher in one preferential direction leaving perfectly vertical shaped side-walls 
underneath the resist layer.
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Photoresist
Wafer
Figure 3.5 Scheme of etching processes, (a) isotropic etching, (b) anistropic
etching.
3.1.4 Metallisation
Metallisation technology becomes one of the most important technologies for VLSI 
fabrication. It mainly means the process method for interconnecting the circuit elements 
to each other on the silicon chip with a metal layer. This is achieved using a thin layer of 
metal deposited on the surface of the wafer. The metal can be separated from the silicon 
by a layer of oxide except when a direct contact metal/semiconductor is required.
There are several requirements, which have to be satisfied by the metallisation 
process and the metal to be used. The main requirements are listed below;
a) The metal film has to be easy to form.
b) It has to present a low resistivity
c) The film should be able to produce ohmic contact in both p and n type silicon.
d) It has to adhere well to both silicon and silicon dioxide.
e) It should be possible to pattern the metallisation in the usual ways.
f) It has to be stable through the overall process involved in the device fabrication.
34
In the case of our work the main reason to perform a metallisation is to produce 
good ohmic contacts. Among the characteristic of a good ohmic contact there are 
stability (both electrically and mechanically) and a negligible resistance (called contact 
resistance) compared to the device resistance. The contact resistance is an exponential 
function of the factor where 0^ is the so-called Schottky baiTier height for the
metal, and No is the doping density inside the semiconductor [SzeSl]. It is possible to 
see that for high doping concentiation (greater than 10*^  at cm’^ ) good contacts can be 
made with any metal. One of the most used for practical puiposes is aluminium because 
it is easy to process, it is able to reduce the native oxide layer and it has low resistance.
The contacts have to be placed in selected areas of the specimen, namely inside 
every single leaf of the van der Pauw pattern. To achieve this the sample has to go 
through a photolithogiaphic step, to create the pattern for the metallisation, and the 
metallisation itself and a further process of metal lift off to eliminate the excess of metal 
on the specimen. Since the photolithogiaphy step has been previously examined, in the 
next sections we are going to review the other two steps involved in the process.
3.1.4.1 Metal evaporation and lift off
Once the pattern for the metallisation is created, the metal has to be deposited on the 
surface of the specimen. There aie several ways to create this film. The most usual 
techniques are vacuum evaporation and sputter deposition.
The technique used during this research work was evaporation.
The basis of the process is quite shaightforwaid:
A source of metal, usually in a tungsten basket, is placed between two large cunent 
caiTying supports. The flow of the current will heat the source producing melting and the 
evaporation of the metal. The source has to be placed in a vacuum chamber to allow a 
lower temperature processing and a stiaight-line path of the evaporated atoms toward the 
specimen. Moreover the vacuum will allow the minimisation of the incorporation of 
contaminants in the growing film.
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The metal evaporated will be deposited on all surfaces of the specimen. By 
dissolving the resist in a suitable solvent it will be possible to achieve its lift off. The 
metal deposited on the resist, in fact, will leave the surface of the specimen with the 
dissolved particles of resist on which it was attached. The metal deposited directly on the 
surface of the semiconductor will not be eliminated leaving the contact in the selected 
positions (see fig 3.6).
Resist
S i icon
Metal
Solvent
Figure 3.6 Scheme of metal lift off by solvent dissolution of the resist.
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3.2 Sample Analysis
The main aim of this research work is to achieve information about the use of p-type 
dopant species as an alternative to boron. To accomplish the task the electrical 
characterisation of the samples produced is important. Hall effect measurements have 
been the chosen technique to obtain the electrical data. For complementary electrical 
data Spreading Resistance Profiling has been used. To understand and to explain the 
electrical behaviour a deeper study of the structure of the sample is required. Selected 
specimens have been, therefore, analysed with Secondaiy Ion Mass Spectroscopy 
(SIMS) to achieve information about the depth distribution of the dopant as-implanted 
and under the different annealing conditions, achieving information on the diffusion 
behaviour. Rutherford Backscattering Spectrometry (RBS) has been used to assess the 
amount of implantation damage and the re-growth of the layer after annealing. In 
addition it has been a powerful technique to evaluate the fraction of the dopant placed in 
substitutional sites. Ti'ansmission Electrori Microscopy (TEM) has been used to achieve 
additional information on the quality of the crystal structure soon after implantation and 
after annealing. Because of the limited quantity of data produced using TEM and SRP, 
these two techniques will be presented separately in appendix.
3.2.1 Hall effect Measurements
As previously stated, to assess the behaviour of the dopants implanted in silicon it is 
vital to achieve the full electrical char acterisation of the material. In turn this means to 
measure the resistivity of the layer, the carrier concentration (to relate it to the implanted 
and retained dose) and the carrier mobility. To perform the measurements the Hall 
Effect technique was used in this work.
In the next few sections the basic concept of the measurements of resistivity, earlier 
mobility and concentrations are reviewed. In the last of the sections devoted to the Hall 
measurements, the technique of differential measurements to achieve the carrier 
profiling will be intr oduced.
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3.2.1.1 Resistance 
The very first pai’aineter that has to be measured on a semiconductor material, to 
assess its electiical properties, is the resistance.
One of the most commonly used methods to perform this kind of measurement is 
the Four Point Probe. As the name indicates the measurement is achieved using four 
(metallic) probes with infinitesimal contact diameter. The probes aie placed on the 
semiconductor surface, allowing a given current to flow across the sample through two 
probes. The resultant potential difference is, then, measured at the other two probes. The 
resulting resistivity can be calculated using the following general expression:
p-=(V/I) *F2 (3.2.1)
In this equation V is the measured potential difference, I  is the cunent and Fi 
represents correction factors which are determined mainly by material and geometrical 
parameters due to the sample and to the probes.
There aie several possible configurations for the probes on the surface of the 
material. Among all of them one of the most generally used is the van der Pauw 
configuration. In 1958 van der Pauw showed that if four contacts are placed on the 
periphery of the sample, the shape of which can be iiregular, then a generalized form of 
coiTection factor can be used [Van58]. This is valid especially when the contacts aie 
very small. The requirements on contact locations and sizes can be satisfied using the 
conventional IC processes.
As previously mentioned, to achieve the resistivity a correction factor is needed. 
However, since the geometiy can vai*y and the nature of the contact between sample and 
probes, there is a quite wide literature concerning this [Paw91].
In our reseaich work, using the clover leaf pattern shown in (see fig.3.4) the current 
flows between neighbouring leaves whilst the voltage is measured between the 
remaining contacts. In this case equ.3.2.1 becomes the following:
Ps=7T/2ln2(Ra+Rb)f(Ra/Rb) (3.2.2)
Where ps represents the sheet resistivity, Ra~V3 4 /I ] 2  and Rb=Vi4/l 2 3 . In this case the 
coiTection factor is f(Rc/Rb) is equal to unity for a symmetrical sti’ucture for which, for 
homogeneously implanted materials, Ra=Rb- The subscripts 1,2,3,4 indicate the related 
leaves as numbered in the figure [Sea91, Bio92],
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The FPP techniques, in all its geometiy, is a powerful tool to investigate resistivity 
of semiconductors having low contact resistance, therefore it has been widely used in 
silicon. The samples can be either homogeneous material or might be produced using 
dopant diffusion or implantation. In the last two cases, since the thickness is not always 
known, it is common practice to refer to the sheet value of the resistance.
Regarding the instrumentation, usually conical tungsten carbide probes, with radius 
smaller than 50 \xm are used. There are commercially available kits that allow the 
measurement of the pressure used from the tips on the surface to monitor the penetration 
depth inside the material. A constant cunent source is needed capable of supplying a 
cunent ranging from pA to few hundreds mA. A precision voltmeter, covering the range 
from 10'  ^ to 10'' V with a resolution of 0,05%, is requiied to perform the measurement.
3.2.1.2 Carrier Concentration and Mobility
Once the measurements of the resistivity have been performed, it is possible to 
evaluate the canier concentration and the mobility by using a cunent flow across two 
diametrically opposite leaves and measuring the voltage between the other two leaves in 
the absence and presence of an external magnetic field.
Wlien a voltage is applied to a semiconductor wire a current, with density / ,  will 
arise. If a magnetic field B is also applied a force will be produced:
F=JxB (3.2.3)
This force acts on the char ge caniers. Since the force depends on the current and not 
on the type of carriers, either it is a hole or an electron, it will be deflected toward the 
same direction, normal to the cunent direction.
This effect, Icnown as the Hall Effect, will result, in turn, in the creation of a double 
electric layer inside the semiconductor. The double layer will produce a voltage across 
the semiconductor. This is called the Hall voltage (Eh). By measuring the Hall voltage it 
is possible to recognise the nature of the canier, (the voltage will have opposite sign 
depending on the nature of the canier). Furthermore, the voltage will grow, in 
accordance with the net deflections of the caniers, until it balances the force induced by 
the magnetic field applied. Thus, at equilibrium the resulting force acting on the carriers 
will be zero: writing the related equation, for the case of a n-type semiconductor, for 
example, it is possible to obtain the following expression:
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JB+nqEH=0 (3.2.4)
Therefore, isolating the Hall voltage:
E „ = - ± J Bnq
The voltage produced is proportional to the current and the magnetic field applied, 
with a proportionality constant called Hall coefficient, Rh. Re-writing eq. 3.2.5 we have
Rh=Eh/JB  (3.2.5b)
This equation leads, directly toward a new expression for the Hall coefficient as a 
function of the canier concentration:
nq pq
In 3.2.6 are shown the two forms of the equation, depending on the nature of the 
majority can'ier (electrons or holes respectively).
In the equations above the drift velocity of the caniers, responsible for the magnetic 
force, has been assumed to be a constant. In real cases this is not true, but it is a 
statistical average. Also non-linear* effects, due to the value of the magnetic field, can be 
present. Consequently, a correction factor rn (called Halfactor) usually ranging between 
1 and 1.5, should be added to the magnetic force equation resulting in the following 
expression for the Hall coefficient:
R „ = - ' j L o ^ R  =+r>L. 
m  pq
In general it is usual to assume this factor to be about 1.
Combining the equations 3.2.5b and the 3.2.6 it is possible to observe that just 
measuring the Hall voltage it is possible to obtain the Hall coefficient and have a direct 
measurement of the carxier concentration. This measure provides an evaluation of the 
fraction of the dopant ionised.
It is important to mention that the measurement can be performed at any 
temperature. Thus, it is possible to monitor the ionised dopant fraction as a function of 
the measurement temperature.
From the definition of the conductivity for an extiinsic semiconductor we have 
[Bai'79]:
4 0
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From these expressions, by comparison with the equations 3.2.6 it is possible to 
relate the mobility values with the Hall coefficient and the conductivity. It is possible, 
hence, to write the following expression:
/‘..I, =<^KL,,,
An evaluation of the mobility will be possible only if the resistivity of the material 
is known, leading to the equation:
Ph=Rh/Ps (3.2.10)
Mobility obtained by measurements of Hall Effect is called Hall Mobility. The name 
differentiates it from the mobility obtained by measurements of conductivity, which is 
called Conductivity Mobility. The ratio of the two mobilities is equal to the Hall factor 
mentioned earlier (eq.3.2.7), and it might differ slightly from the assumption of being I.
3.2.1.3 Differential m easurem ents and carrier profile
As explained in the previous two sections, through measurement of resistivity and 
Hall effect it is possible to characterise the electrical properties of the sample.
Depth profiling through an epitaxial or an implanted layer is achieved by repeatedly 
removing a thin layer of material and measuring Ps and pns of the remaining slice.
It is more convenient to analyse this process by approximating the layer with a 
structure of M  thin homogeneous layers of thickness &, local carrier density N  and 
mobility p.
At every step in the process it is possible to assume that the conductivity of the 
sample is the sum of the conductivity of individual layers. Thus, for the bulk 
conductivity of the shaded layer of thickness &  it is possible to write:
ÔCTs (3.2.11)
ÔX
where represents the difference in sheet conductivity before and after removing the 
layer (see fig.3.7 for a schematic view of the measurement process).
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Using the relationship between conductivity, mobility and carrier concenti ation (eq. 
3.2.9) it is possible to obtain an expression of the caiTier concentration as a function of 
the difference in sheet conductivity of the layer:
1 (3.2.12)
qjU Sx
Which in terms of resistivity becomes:
N = (3.2.13)qjuSx
LAYER 1
Figure 3.7 Schematic representation of depth profiling
It is, also, possible to profile the mobility measuring the sheet Hall coefficient 
before and after the layer removal. In fact, using eq.(3.2.10) it is possible to obtain the 
following expression:
jU(T,}-ju<Ts2 =^ (RHsicrsi^ -RHs2 0 -s2 )^ (3.2.14a)
From this equation isolating the mobility we can achieve the following:
ju = (3.2.14b)Sa..
Or, in terms of resistivity:
4 2
„ _ 5ÇR„,/p^) (3.2.14c)
The values of mobility and caixier concentration represent an average in the centre 
of the layer removed. To improve the resolution the step should be kept as small as 
possible. However, this could lead to laige errors in the values measured. Thus, a 
compromise has to be found between resolution and accuracy of the measurement.
3.2.2 Rutherford Backscatterina Spectrometry 
Rutherford backscattering spectrometry (RBS) is a fast and simple analytical 
technique. These advantages make it one of the most widespread analytical techniques 
for materials science. It provides information about the elemental composition of the 
near-surface region of a solid. In the case of laterally uniform samples it is possible to 
achieve information about the depth composition and the layer thickness with an 
accuracy of 1 to 5%. The method involves the iixadiation of the specimen with a high- 
energy ion beam (typically from 1 to 3 MeV). During the irradiation process the 
impinging ions can bounce back because of elastic collisions with atoms of the taiget. 
The collection of the backscattered ions generates a signal that can be related to mass 
and position of the taiget atom in the solid. One of the main advantages of the technique 
is the chance to achieve depth disti'ibution without layer removal. However it has to be 
considered that the irradiation itself can promote diffusion inside the layer and can 
introduce damage. For instance a pn junction under a small dose inadiation will have 
modified electrical properties, whilst the doping profile will be mainly unaffected. In 
this section the basic principles of the techniques and spectra inteipretation will be 
presented. I refer to the textbooks widely available in literature for a more detailed 
explanation [Bor91, Chu78].
3.2.2.1 Basic Principles
In principle an RBS measurement consists of irradiating a solid tar get with a highly 
energetic (MeV) beam of light ions and collecting at a given lai'ge angle the 
backscattered ions. It is their energy distribution which provides information. The 
spectrum is quite easy to understand since it is basically produced by two processes; the
4 3
energy lost by the ion impinging in its path in and out of the target and the energy lost in 
the scattering event with a paiticulai* atom of the sample. The scattering is due to the 
Coulomb repulsion between incident ion and taiget atom. The figure 3.8 shows a simple 
picture of the experiment, with the impinging ions of mass My and energy Eo incident at 
an angle a  with respect to the surface normal.
'det
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Figure 3.8 Schematic view of Rutherford Back-Scattering Spectroscopy 
process.
The energies typically used aie enough to allow the ions to penetrate the surface. 
Ions backscattered at different depths but with the same angle leaving the surface will 
be detected and energy-analysed. It is assumed that the path of the detected particles 
inside the sample in the ingoing and outcoming direction is straight with the exception 
of the scattering event at a depth % with deflection through an angle 0 due to the collision 
with an atom of mass M2. If we consider a thin sample with thickness % composed of m 
different elements, and a particular target element i of atomic density ii(i) the detected 
backscattering yield Y is proportional to the total number n(i)l of scattering centres per 
unit aiea, the total number of incident ions (N]), the detector solid angle Q. and the 
differential scattering cross section Oi (0) for the given beam energy:
Y=aiüNpji( i)l (3.2.15)
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Here I has units of thickness, e.g. centimetres. The beam size does not enter in the 
equations, whilst it is implicitly assumed that the sample is laterally uniform within the 
beam spot.
The above equation provides a means to read the spectrum achieved. Nevertheless 
to extract all the information needed we have to define the following four main 
concepts:
Kinematic Factor that relates the energy of the projectile after the collision to the 
energy of the incident beam. This par ameter allows the determination of the mass.
Scattering Cross Section represents the likelihood of a scattering event occuning. 
It allows quantifying the atomic composition.
Stopping Cross Section quantifies the energy loss suffered by the projectile in its 
path in and out of the sample. This results in the capability to achieve depth resolution.
Energy Straggling represents the statistical fluctuations of energy loss defining the 
limits in mass and depth resolutions.
In what follows the four parameters are described in more details.
The kinematic factor quantifies the fraction of the original energy that the ion 
retains after the collision. Particularly it is possible to write the following expression:
Ei=KEo (3.2.16)
The value of the factor K is determined by the physical nature of the elastic 
scattering event. We have, hence, to consider that energy and momentum are conserved. 
These considerations lead to the following equations:
K={l{M2-Mi‘sin^e)’'^+M,cose]/(M2*M,)f (3.2.17)
Wliere, as previously defined. Mi and M% are the mass of the impinging ion and of 
the target atom respectively and 6 is the angle formed by the directions of entrance and 
exit from the sample of the sampling ion. If the energy of the backscattered ion is 
measured, knowing its mass it is possible to achieve directly mass information about the 
taiget atom responsible for the scattering.
The mass information comes, therefore, from an energy spectrum. If we have more 
than one element in the layer a distinction between them will be a difference in recoiled
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ion energy. In pardculai', if the mass difference between two elements is AM2 the 
difference in energy will be given by the following expression:
AEi=Eo(dK/dM2)AM2 (3.2.18)
The mass resolution increases with increasing values of Eo and (dK/dM2). To 
achieve this the beam energy has to be increased, or a heavier incident ion needs to be 
used and the backscattered ions have to be collected at an angle close to 180”. The mass 
resolution is a chaiacteristic of every system. Hence if the mass difference is smaller 
than the system resolution it will not be detected.
The scattering cross section, as previously defined, is directly related to the 
quantitative analysis of the sample. It is usually well described by the Rutherford cross 
section, which in the laboratory system has the form:
a(eHZ,Z2e^/4EfF(e) (3.2,19)
In the equation Z/ and Z2 are the atomic numbers of the incident ion and of the 
taiget atom respectively, e is the unit chaige and F(6) is a function of the scattering 
angle. If the number of incident and detected paiticles is known it is possible to 
determine the amount of the particular taiget atom inside the sample. The expression 
(3.2.19) explains why the technique is much more sensitive for heavy species rather than 
light ones.
In its path in and out of the sample the ion can lose energy because of interactions 
with the electrons and the nuclei of the target. In the first case we talk about electronic 
stopping power, in the second case nuclear stopping power. At the energy used the main 
process is the electi'onic one. It is important to consider this phenomenon because 
through the evaluation of the stopping cross section we achieve information about the 
depth position of the mass detected. The following expression defines the energy loss: 
S(E)=(l/N)(dE/dx) (3.2.20)
Where N is the atomic density of the material. In the literature semi-empirical values for 
S(E) are reported. These values, for most of the elements have similar energy 
dependence, showing a broad maximum at about 1 MeV.
For ions recoiling from very thin layers it is assumed that the rate of energy loss is 
constant. Therefore the energy expression will have the following form:
Ej=KEo-NSiAx (3.2.21)
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Where Ej is the energy of the detected paiticle, Si is the stopping power at the given 
energy and Ax is the distance in and out of the solid sample. It is possible to define the 
stopping cross section as a function of the angles created by the sampling ion beam (a) 
and the beam of the detected particles (P) with the normal to the sample surface 
achieving the following more rigorous equation:
S(E)=K[S(Eo)/cos a]+ [S(KEo)/cos (3.2.22)
Once the stopping power is known, measuring the energy of the detected particle 
will provide information about position and mass responsible for the scattering event for 
the incident ion.
In practical cases the taiget is composed by many atomic species. The energy loss 
expression has to be modified to consider the effect of the different species. The Bragg’s 
rule states that the total stopping power can be estimated quite accurately by assuming 
lineal" additivity of the atomic stopping power for the individual species. If, for instance, 
the sample is a compound AmBn the expression giving the stopping power will be the 
following
S(AB)=mS^+nS^ (3.2.23)
As explained in this section the RBS measurement is mainly an energy 
measurement leading towaid mass and depth information. Any source of uncertainty in 
the determination of the energy value will tiansfer directly to uncertainty in mass and 
depth. This consideration leads to the last of the previously mentioned four main 
concepts. The energy straggling is the statistical fluctuation in energy loss, due to 
statistically different interactions with the atoms of the solid matrix, of different ions 
travelling through the same distance. There aie several models to estimate the energy 
straggling. For instance the following one is the Bohi" value:
QB^=4n(Z,e^fNZ2X (3.2.24)
The statistical fluctuations in energy loss will produce a statistical distiibution of 
detected energy, limiting the precision with which mass and depth can be determined. 
There aie other contributes to the limit of the measurement precision such as the 
detector straggling and the roughness of the surface of the sample.
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3.2.2.2 Spectra interpretation 
In figure 3.9 is reported a typical spectrum achievable from a RBS analysis. In this 
case the sample is supposed to be formed from a silicon substrate with an impurity, with 
heavier atomic weight, dispersed in it. In the spectra it is possible to recognise the signal 
due to the silicon substrate and the peak due to backscattering event originating from the 
heavier atomic species.
I Ax
Counts
^  Chaim cl (Eiieigj-)
Figure 3.9 Schematic view o f the spectra production during RBS analysis In 
the horizontal axis the channel is reported; that is a measure o f the energy and 
of the position o f the signal soiuce inside the layer. In the vertical axis the 
number o f counts is reported.
As stated previously (see 3.2.15) the definition of the mass of a target, atom 
responsible for the scattering event is achieved through the eq. 3.2.17. The energy of one 
particle detected at the surface of the sample is aehieved according to the eq. 3.2.16 but 
in the case of a particle detected inside the material the expression has to take into 
account the energy loss during the inward and outward path of the sampling ion. This 
consideration leads, through the eq. 3.2.21-3.2.22, to the acquisition of the depth scale of 
the signal.
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Thus we have mass and position information. But RBS allows quantitative 
information. Recalling the concept of scattering cross section and the equation 3.2.15 in 
terms of the angle of incidence of the sampling ion beam we ariive at the final equation 
that relates the number of detected particles to the amount of a particular- kind of atom 
responsible for the scattering event:
Y-aÜNpn(i)(Ax/cos a) (3.2.25)
where Ax is the depth interval at depth x  contributing to the yield. As previously 
mentioned the RBS signal is an energy spectrum. Therefore the Ax will be detected as 
the energy Ec of a particular channel of the detector. Modifying the equation to take in 
account the energy and the related stopping cross-section we achieve the following 
expression:
Y = oQ N pn (i)[E (/(S e  cos a)] (3.2.26)
In the case of a multicomponent target the stopping cross-section will be given by the 
eq. 3.2.23. It means that the backscattering yield depends on the relative concentration of 
all the tar get components at depth x. To achieve conect information some computing is 
needed, but as zeroth-order approximation the relative concentration of the i element 
may often be considered proportional to the ratio {Y/ai).
3.2.2.3 Channelling
In all the previous sections RBS analysis has been described regardless of the 
crystalline nature of the sample. However, the information achievable using RBS is not 
only related to the mass, concentration and position of the different atomic species inside 
the sample. RBS can provide, also, an evaluation of the crystallinity of the specimen.
If the target is a single crystal, the incident beam can be channelled along a crystal 
orientation or plan (axial or planar channelling). It means that the incident paiticles can 
be “steered” by a series of small angle deflections in the screened Coulomb field of the 
rows of target atoms, leading to a slow loss in energy and eventually coming to rest at a 
much deeper position inside the solid (see fig 3.10a). When this happens the 
backscattering yield of the taiget surface remains unchanged whilst the shadowing effect 
reduces drastically the probability of backscattering horn the deeper layers (see fig 
3.10b). In practice the “amoiphous situation” can be simulated using a “randomly 
orientated” incident direction. In reality this direction is achieved using a tilt angle from
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5 to T  away from a paiticulai" axis or plane. The overall effect can be seen in fig 3.11 
where the backscattering yield for the “channelled” direction is reduced by a factor of 
about forty relative to random, with the exception of the surface signal.
channeled projectile
Ciystal Beam
Figure 3.10 (a) channelling phenomenon for an impinging particle, (b)
Shadow effect of the surface on the analysing beam.
If we consider a paiticulai" atomic species at a depth % with the atoms in 
substitutional sites, they ai"e shadowed by the target atoms nearer the surface and will not 
paiticipate in the signal production. Only the atoms placed in interstitial sites will 
produce a backscattering signal. In addition lattice defects will contribute to de-channel 
the beam with possible backscattering and detection.
The evaluation and compaiison of the spectra collected at random and channelled 
orientations will provide information about the defects present, and substitutionality of 
impurity atoms inside the target.
Figure 3.11 shows the typical spectrum obtained when using randomly orientated 
beam and channeled direction. The surface signal in the channeled orientation is higher 
than the rest of the signal because of the effect of the surface target atoms not shadowed.
5 0
Obviously, only the channeled ions after backscattering will provide a deeper signal 
which will be lower than the surface signal.
Yltlrt Surface peak
Random
Chaimelled
Energy
Figme 3.11 Comparison between spectra achievable in random and 
channelled direction. If the surface peak is equal this indicates that the surface 
has tire same response as randomly placed surface target atoms. This 
indicates amoiphisation o f the surface o f the target. Usually the channelled 
surface peak is lower than in the random case, indicating a degree of damage 
lower than amoiphous. The shadowing effect o f the surface results in a muclr- 
reduced signal coming from the buried layers in the channelled case. The 
signal o f the impurity is higher in the random case because only the non- 
substitutional species are evident in the channelled direction.
3.2.3 Secondary Ion Mass Spectrometry
Secondary ion mass spectrometry is a surface analytical teclinique that allows the 
determination of the chemical composition of surfaces. The technique is sensitive to all 
the chemical species that can be detected with limits below parts per million (ppm). The 
wide dynamic range of about 5 orders of magnitude is another advantage. The following 
sections present a brief introduction to the physics of the technique, to data collection 
and spectra interprétation. For a more detailed tr*eatment on the subject refer to the 
widely available literature [Jan91].
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3.2.3.1 Basic Principles
There are two main phenomena that form the basis of the technique, (i) Sputtering 
and (ii) Secondary Ion Emission. The method involves the bombardment of a solid 
sample with a beam of medium energy (usually few keV) primary ions. A fraction of the 
incident ions penetrate the solid and follow a path inside losing energy till reaching a 
resting position. In this range of energy the main mechanism of energy loss is elastic 
(nuclear- collisions). Hence During the irradiation, the impinging ions penetrating into 
the solid will lose energy transfening part of it, through nuclear collision, to a target 
atom. This atom is set in motion and may, in turn, transfer part of its energy to another 
tar-get atom setting it in motion, and so on. In this way the incidence of a single ion 
produces the motion of several tar get atoms in what is called a collision cascade. During 
this process a given particle gaining enough energy to overcome the surface binding 
energy and the right momentum, with direction away from the surface, can be ejected 
resulting in what is called a sputtered particle. In the literature there ar e plenty of papers 
describing the dependence of the sputtering yield (number of ejected particle per 
incident ion) on parameters such as energy and mass of the incident ion and tar get atom, 
and angle between the surface and the incident beam [Sig69,Zal88].
During the process, part of the energy is lost in an inelastic way providing the 
means for the emission of particles in an ionised state. Regarding this latter technique 
several mechanisms have been proposed which have the same kind of exponential 
dependence of the secondary ion yield on the ionisation potential (positive ions) or 
eiectron affinity (negative ions). Particular cai*e has to be placed on the choice of the 
probing ion species since it has been experimentally demonstrated that the nature of the 
beam affects the secondary ion emission. For instance 0%^  bombardment enhances 
dramatically the yield of positive ions, whilst the Cs"*" bombardment enhances the 
production of negative ions {reactive primary ions). A universal model for the secondary 
ion emission has not been produced due to the difficulties arising foi-m the matrix effect, 
namely the strong effect that the chemical environment has on the ion emission yield.
The nature of the technique itself leads towards some limitations, especially when 
used in order to profile chemical species. These limitations are mainly due to the effect
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that the impinging primaiy ion beam has on the original profile of the analysed species. 
There are three main processes that have to be considered:
1. Primaiy recoil mixing
2. Cascade mixing
3. Radiation enhanced diffusion
All these processes can happen simultaneously. The overall effect is a diffusion of the 
analysed species due either to the knock-on of the impinging ion, or to the process of 
collision cascade, or to the enhanced production of crystal defects during the 
bombardment. As a final result the original profile will be affected leading towards a 
broadening of the originally sharper distribution. To reduce the magnitude of this effect 
it is usual practice to make use of low-energy projectiles and to increase their incidence 
angle (to reduce knock-on and collision cascades). All these parameters, therefore, have 
to be selected carefully according to the nature of the material under examination.
3.2.S.2 SIMS Instrumentation
The SIMS instrument consists of a primary ion source, primary ion beam line, an 
ultra-high vacuum chamber for the sample, a mass spectrometer and a detector.
Primaiy ions (usually 02^, Cs"^ , Ga^ or Ar"^ ) are generated, accelerated to an energy 
ranging fi'om 1 to 20 keV before being focused on the sample surface. The secondary 
ions produced and sputtered from the surface ai'e guided towar ds the mass detector by an 
extraction voltage of up to 10 kV. There are several lands of mass spectrometer used 
such as quadrupole, magnetic sector and Time Of Flight (TOF). Analysis performed on 
insulating samples can be problematic due to the charging effect of the primary ion 
beam. To overcome this problem electron guns are often installed inside the chamber for 
charge compensation purposes. There is usually an electron detector in place to achieve 
an electronic image of the sample during bombardment by utilising the emission of 
secondary electrons. The resolution of the image produced will depend upon the 
diameter of the beam whilst the contrast will give information of great help for- 
positioning and localization in cases of local and small-ar ea analysis
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3.2.3.3 Quantitative analysis
The main applications of SIMS are mapping the chemical element present on the 
surface of a given solid sample (static SIMS) and profiling the atomic species present 
inside it. In order to accomplish these tasks the technique has to provide not only a 
qualitative measurement but a quantitative one as well. It is, hence, important to have the 
“tool” to relate the signal produced during the analysis with the quantity of the species 
present into the sample. The main equation to achieve this is the following:
lA^=jp^YA+fACAf-=^(SACAf (3-2.27)
Where l /  is the secondary ion cuiTent for the ionic species A emitted by the matrix T. 
This cunent is related to the concentration of the A'^ ' element (corrected for isotopic 
abundance) in the T matrix. It is a function of the primaiy ion cunent density jp, of the 
analysed area 0, of the secondaiy ion yield for the A ion Ya, and of an instrumental 
transmission factorJa-
Quantification can be achieved by calculating the yield of secondary ion emission. 
But since there is not such universal theoretical model, this method has a limited 
applicability. It is, therefore, common practice to refer to the use of suitable calibration 
standai'ds to obtain the proportionality factor between cunent of secondary ions and 
concentration of the species. The standard, of course, has to respond to given 
requirements such as lateral homogeneity on a micrometer scale, stability of 
composition in the long time and it has to be possible to measure the atomic 
concentration of the standaid in more than one other independent analytical technique. 
Using this method the sensitivity factor is achieved from the integrated count rate. If the 
statistical eiTors are negligible the uncertainty of a quantitative SIMS analysis is about 
10%.
The above description suits well the case of bulk analysis where the yield of 
sputtering and ionisation is supposed to remain constant during the analysis. But in the 
presence of multilayer shuctures the quantification across the interfaces becomes 
problematic since both ionisation degiee (matiix effect) and sputtering yield change. 
Plenty of studies have been carried out on the subject in order to introduce coirection 
factors for these cases [Mor84, Mor87, Mor88].
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The samples for SIMS have to be homogeneous (e.g no precipitates, grains of 
different composition, etc.) at a scale of the size of the analysed area (from 1x1 to 
100x100 During the analysis for depth profiling the crater sputtered has to be flat- 
bottomed to assure that the emitted secondary ions come from the same depth inside the 
sample. For similar reasons the roughness of the surface is important because it can 
produce profile distortions.
3.2.3A Detection limits and depth profiling
Eq.3.2.27 showed the relationship between the secondary ion cuiTent and the 
concentration of the species. If we extract the concentration it is possible to achieve an 
expression for the detection limit;
CA.nJ=lA.n,J/[Jpm A+fACAf' (3.2.28)
To lower the detection limit, since minimum cunent detectable and instrumental 
transmission are fixed, the possible ways are increasing the current of primary ions, or 
increasing the analysed area or, else, increasing the ionisation yield by using reactive ion 
species. Those conditions can, however, affect negatively the depth resolution. They 
have, hence, to be selected carefully according to the analysis to be performed. For most 
impurities in silicon it is possible to detect at the ppm level (part per million, 5x10^  ^
at/cm^) and, under rigorous conditions, down to the ppb level (part per billion, 5xlO’  ^
at/cm^).
The most important application of SIMS is the depth profiling of dopants. To 
acquire the profile the intensities of the secondary ions emitted are recorded as a 
function of the sputtering time. If the erosion rate of the given material is known the 
resulting intensity versus time can be converted into the desired concentration versus 
depth profile plot. To avoid any crater edge effects that can produce profile distortion the 
analysed area has to be kept smaller than the actual crater eroded.
During the analysis in the initial stage, the sample surface is implanted with the 
primary ion species. In the meantime, the sputtering process and the ion beam mixing 
compete to change the composition of the surface. After a short time a steady- state is 
reached with respect to the implanted and sputtered quantity of primary particles in the
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surface layer and with respect to the elemental concentrations in the surface layer 
compared to the bulk.
The depth resolution is one of the key parameters to be considered when using the 
technique to achieve atomic profiles. Resolutions as good as 2 nm are obtainable in the 
best cases. To improve the depth resolution low primary ion energy and grazing angle of 
incidence have to be used. However these conditions result in a poorly focused primary 
beam. Consequently low cunents have to be used leading to very low sputtering rates. 
This, in turn, leads towards larger analysis times. Furthermore, the poor focusing will 
result in large craters with sloping sides and a large flat bottom. All these considerations 
indicate how much care has to be spent in selecting the analytical conditions to be used.
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C h a p te r  Fo u r
4. Ex p e r im e n ta l  Deta ils
4.1 Sample preparation
4.1.1 Sample implantation
In this research project four main groups of samples were produced. Namely (a) 
indium samples, (b) indium/cai’bon co-implants, (c) indium/niti'ogen co-implants and (d) 
gallium implants. All the implants were performed into n-type <100> CZ silicon wafers 
of 100 mm diameter with resistance of 1-10 Ohm cm. The implants have been 
performed at the University of SuiTey using two different accelerator systems. When 
implanting the species (In, C, N, Ga) at low energies (from 5 to 70 keV) a 200 kV 
Danfysik 1090 implanter was used. In this case all the implants were performed at RT 
with angles of 7° tilt and 22° twist. A 2 MV Van der Graaff implanter was used when 
pre-amoi*phising implants at high energy (Si"^  500 keV, 5x10^^ cm‘^ ) were required.
The Danfysik DPI090 is a system with two beam lines. In Line 1 the beam is 
electi'ostatically scanned and is used for implantation into a single wafer (up to 200 mm). 
This line is equipped with a cooling system using LN2 as a refrigerating agent. The 
samples were mounted on support wafers placed on conducting vacuum grease, which 
was in contact with a SiN coated aluminium chamber. The system composed of the 
walls and the outer shell create a tank that can be filled with LN2 in order to cool down 
the system. The temperature was monitored by a thermocouple positioned on the support 
plate of the wafer outside the view of the beam. During implantation the cunent is 
required to be low (between 0.64 and 2.8 mA/cm^) to avoid any heating effect due to the 
impinging beam on the wafer. In our reseaich the line 1 has been used to perform the 
pre-amoiphising implants for the set of gallium samples.
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Line 2 is used for implantation for general purposes. In this line the beam is 
magnetically scanned before aniving at the implantation chamber where the wafer 
holder consists of an 8 wafers wheel. In this case the size of the wafer that can be loaded 
is up to 200mm. The wheel is already placed such as to guarantee a tilt angle of 7° and a 
twist angle of 22° with respect to the incident ion beam. This geometry is chosen to 
minimise channelling effects. The vacuum in the chamber is better than 10'  ^mbai*.
The beam is generated in the ion source that is a vacuum chamber, where the 
pressure is typically around 1.5x10'^ mbai\ In the chamber there aie two electrodes (an 
anode and a cathode). By applying a DC voltage across the two electrodes an electiic 
discharge is created. This can be fully or partially sustained by the gas or the vapour of 
the material that has to be ionised. The value of the voltage is usually dependent on the 
nature of the ion species. The material that has to be ionised can be introduced either as 
a gas (like CO when the implantation of caiton is required, or Nz for nitrogen implants) 
or can be produced from the evaporation of a solid source. In this latter case the starting 
material for the indium and gallium implants was pieces of metal in a BN boat near* the 
hot filaments together with argon plasma to create the ions.
After the beam is generated the ions are extracted by means of an electric field 
generated by the application of a voltage ranging, usually, between 10 and 40 kV. The 
extracted beam is composed of all the ionised species present within the source. To 
select the required species the beam is magnetically analysed. The mass selected is, 
hence, accelerated to the required energy. When implantation energies lower than 10 
keV are required the beam is decelerated using a three electiode deceleration lens.
A second magnet is placed after the acceleration lens in order to deflect the beam 
toward the desired line and provide a better isotopic purification of the beam.
The size and the shape of the spot of the produced beam have to be controlled as 
well. In order to do this water-cooled silicon apertures are used in combination with 
magnetic and electrostatic quadiupole lenses. These lenses, moreover, aie used to raster 
the beam across the surface of the implanted wafer in order to guarantee homogeneity of 
the implanted dose. The dose of the implants is measured using four faiaday cups (PC), 
which aie placed, at the edges of the rastered area. Each EC, connected to a sepaiate 
integrator, has a suppression electrode biased to -200 V, to suppress secondaiy elections.
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Regarding the implantation of the samples of the set (a), indium was implanted 
using a InP] solid source which was sublimed under vacuum and ionised. The energy 
(70 keV) and the dose (S.SxlO*'  ^ In'*" cm'^) were chosen after calculations cairied out by 
the use of simulation softwaie.
Monte Caiio simulations were used to estimate the shape of the implants performed. 
To execute the simulations the software SRIM2000 [www02] has been used. In this 
version of the software the stopping power values used aie those published up until 1996 
[www02]. The type of calculation selected has been the "'detailed calculation with full 
damage cascade” to achieve a more reliable damage distribution. “This option follows 
every recoil until its energy drops below the lowest displacement energy of any taiget 
atom. Hence all collisional damage to the taiget is analysed” [www02]. This kind of 
calculation requires a long computational time, thus, to perfoim the simulation within 
reasonable time the statistic was limited to 50000 ions.
For the indium implant with the given specifications the simulation results in a 
dopant distribution with a gaussian shape, with a peak position at about 40 nm and a 
straggling of about 12 nm. The profile, according to the simulation, is expected to have a 
symmetrical gaussian shape also because of the assumption that the softwaie uses an 
amorphous surface. However, for a species as big and heavy as indium an amoiphization 
thieshold of about 2x10^ ^^  ions cm'^ is reported in the literature [Cro71]. Therefore it is 
possible to assume that, except for a negligible channelling effect on the initial part 
(about 30% of the implanted dose) of the implant, the approximation is acceptable. 
Combining the simulation results regaiding the implantation damage, especially the 
vacancy production, with the modified Kinchin-Pease approach of Morehead and 
Crowder [Mor71] it is expected that an amoiphous layer of about 55 mn thick will be 
produced.
The results of the simulation for the indium implant are shown in figure 4.1 where 
the panel (a) presents the as implanted atomic distribution and the panel (b) the as 
implanted vacancy disti'ibution produced,
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Figure 4.1 SRIM200 simulation of the implantation of In 70 keV 5.75x10^“^ 
ions cm' .^ (a) Atomic distribution of the implanted species, (b) Damage 
distribution; 100 % indicates full amorphization of the layer (vacancies 
produced equal to silicon atomic concentration)
The implantation conditions for the co-implanted species (N, C) were chosen in 
order to match the indium distiibution peak in position and concentration. Obviously the 
lighter elements produce distributions with a higher value of the straggling. Therefore 
higher doses, with respect to the indium implant, are required. Moreover the shape of the
6 0
distributions produces layers where the indium distribution is completely enclosed in the 
distribution of the co-implanted species.
SRIM2000 simulations have been performed for carbon and nitrogen distribution. 
The figure 4.2 shows the atomic distribution of the species resulting from the 
simulations.
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Figure 4.2 Simulated (SR1M2000) atomic profiles for the given implant 
specifications. The indium distribution (■) results are completely included 
within the distribution o f the co-implanted species (either carbon (■) 
implanted at 13.5 keV with dose of 1.1 IxlO'' cm % or nitrogen (■) implanted 
at 15.9 keV with a dose of 1.06x10'' cm' )^. The concentration ratios are 1:1 at 
indium peak position.
In this case, however, we assumed that the damage introduced by the carbon or the 
nitrogen implant was negligible with respect to that introduced previously by the indium 
implants. The model used was, hence, the ‘"'Quick: Kinchen-Pease‘\  This was required to 
reduce the computational time allowing, in the meantime, the achievement of better 
statistics (the ions calculated are 99999). With this model the data regarding the damage 
is less accurate, whilst the atomic distribution results unchanged. As, in fact, the manual 
of the software states: “the following data will be calculated correctly: final distribution 
of ions in the target, ionisation energy loss by the ion into the target, energy transferred 
to recoil atoms, backscattered ions and transmitted ions. You will get identical range
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results for each ion if you use the Full Damage Cascade option below, since the random 
number generator for the ions is separate from that used for the recoils” [www02]. It has 
to be noticed that in this case the Monte Caiio simulation results are much more reliable 
in tenns of atomic distribution because the assumption of implanting through an 
amoiphous layer is correct, because of the amoiphizing effect of the previous indium 
implant.
The starting materials for nitrogen and carbon were the gases N2 and CO 
respectively. The implantation specifications used were the following:
i) 13.5 keV, 1.11 x 10^  ^ions cm'^ for the cai’bon implant.
ii) 15.9 keV, 1.06 x l0 ‘^  ions cm'^ for the nitiogen implant.
The results of the simulations were the staiting point to calculate the doses required 
in order to obtain several co-implants C/In with peak concentration ratios ranging 
between 0 and 2.
A set of samples (Indium implants only, C/In co-implants with peak concentration 
ratio of 2, C/In co-implants with peak concentration ratio of 2 in presence of a deeper 
cai'bon implant (20 keV), indium implant in presence of the deeper carbon implant) were 
implanted in pre-amorphised silicon. The same procedure (SRIM2000 calculation of the 
implanted species and damage distributions) was used to determine the conditions of the 
pre-amorphization implantation, which was perfoimed using Si^ 500 keV 5x10^  ^ cm'^. 
The specifications used have been chosen in order to produce an amorphous layer about 
1 micron thick.
A set of gallium implanted samples was prepared using gallium as a stalling 
material (similai' way to indium). The implantation specifications were determined, as in 
the case of the indium implants, using SRIM2000 simulations. The energy used was 54
keV whilst the dose was 6.8x10^^  ^cm'^. According to the simulations these specifications
produce a distribution with a peak placed at a depth of about 40 nm with a peak 
concentiation of about 2x10^° at cm'^. The figure 4.3 shows the outcome of the 
simulations in tenns of ion and damage distribution. The production of an amoiphised 
layer about 60 nm thick is expected. This achievement is in accordance with the 
literature data that report an amoiphisation thieshold, for a species as heavy as gallium, 
of about 2x10*“^ ions cm'^ [CroVl].
6 2
An implant with the same specification was performed on pre-amorphised silicon. 
The pre-amorphisation was carried out using Ge* 190 keV, 2xl0'^ ions cm", (able to 
produce an amorphous layer 200 nm thick according to SR1M2000 simulations).
Following the electrical characterisation of the produced layers, further implants 
were required with implantation energy of 10 keV and doses of 2xl0' \  2.4xlO'^ and 
2x10'*' ions cm'^ to produce shallow layers with peak placed at about 10 nm, and peak 
concentration ranging of, respectively, 2xlO'^, 2x10^^ and 2x10^' at/cm^.
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Figure 4.3 SRIM200 simulation o f the implantation of Ga 54 keV 6.8x10''* 
ions cm' .^ The blue curve ( • )  represents the gallium as implanted distribution, 
whilst the red curve ( a ) represents the damage distribution; 100 % indicates 
full amorphization o f the layer (vacancies produced equal to silicon atomic 
concentration). The blue line is a visual estimation of the thickness of the 
amorphous layer produced using these implantation specifications.
For clarity, all the implants performed (with specifications) will be presented, as 
tables, within the related experimental results chapters.
4.1.2 Specimen cleaning and cleaving 
After implantation the wafers were cleaved in order to achieve several square 
shaped pieces with sizes typically of 1 cn f. After cleaving the specimens were cleaned
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using a three stage cleaning procedure using methanol (60 °C), acetone and isopropyl 
alcohol, by immersion of the pieces in each of the solvents for about 2 minutes and a 
rapid tiansfer to avoid the solvent drying on the sample surfaces. A final step was the 
rinse with de-ionised (DI) water and quick drying by nitrogen blowing gun.
4 .1.3 Thermal Anneals
All the specimens produced were submitted to thermal anneal at the requested 
conditions (dwell temperature and time, and ramp up rate). The thermal anneals were 
performed in a Process Products Corporation RTP halogen lamp system. The ambient 
chosen was nitrogen gas (N2 : H2 90 : 10) at 1.5 1/min. The annealing chamber is 
composed of a support silicon wafer with a thermocouple cemented in the centie of it for 
the temperature reading. The wafer is placed on a quartz rod, into a quaitz sleeve furnace 
chamber. The samples were inserted horizontally. Preliminary to the thermal treatment 
the chamber with the sample loaded, was purged with a nitrogen flux for tlnee minutes 
to eliminate the water vapour and the oxygen present in the atmosphere. In this research 
several conditions of annealing, with temperatures ranging from 600 °C to 1100 “C and 
times from a few seconds to 1 hour, were used to investigate their effect on the electrical 
properties of the implanted layers. In our research the ramp up rate was kept at a 
constant value of 6 °C/s.
For the actual conditions used for each sample the reader is referred to the annealing 
matiices presented in the experimental results sections (chapters 5 and 6).
4 .1.4 Photolithoaraphy
In section 3.1.3 photolithography is presented as the technique to produce the 
required patterns on the silicon surface. In this reseaich this technique was used to define 
the Van der Pauw (VdP, see fig. 3.1) pattern on the sample surface, prior to 
metallisation, using a chromium mask on a quaitz support. The photoresist AZ4330a 
was used to cover the samples by spinning them at 40 RPM for 60 seconds to create a 
uniform film about 2.5 [im thick. A “soft” baking treatment, at 100 “C for 30 seconds, 
was performed on hot plate before exposing each sample sepaiately in a Karl Suss MJ 
133 UV 300 Mask Aligner for 3.6 seconds under UV light generated by a mercury
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vapour aie lamp. Applying a voltage to the electi'odes generated the aic. The value of the 
voltage ranged between 16 V (just on) to 70 V (when stabilised). A nitiogen flux was 
used to cool the lamp and to stop the contacts oxidising. After exposure, the photoresist 
was developed in AZ400K developer diluted with DI water in proportion 1:3. The 
defined Van der Pauw samples were 5mm x 5 mm in size. After creating the pattern, the 
samples were baked for 30 minutes at 100 °C on a hot plate prior to etching.
4.1.5 Etching
The samples were dipped for two and a half minutes in an etchant solution 
composed of: 125 ml of nitric acid (HN03) 68%, 5 ml of hydrofluoric acid (HF) 48% 
and 25 ml of de-ionised water (DI), to etch about 1 fim of silicon. The etching process, 
which is perforaied at room temperature, takes place by oxidation of the silicon surface 
using the niti'ic acid, and silicon dioxide removal caiiied out by the hydrofluoric acid.
4.1.6 Metallisation
To create the ohmic contacts in the Van der Pauw pattern aluminium was 
evaporated on the patterned samples in a General Evaporator.
The contact area was defined by painting the photoresist on the surface of the 
samples. Refening to the figure 3.4, the entire surface was covered with photoresist with 
the exception of four very small points (1 each for every leaf of the pattern). To ensure 
good electrical contact between the metal and the semiconductor all samples were 
dipped initially in buffered HF to remove the native silicon dioxide. The base pressure 
inside the chamber prior to evaporation was between 1 and 2x10'^ mbai', while the 
pressure during A1 evaporation was between 2 and 4x10'^ mbar. The A1 metal was 
placed in a tungsten basket connected at both ends to resistors to which a potential of 21 
Volts was applied. The voltage creates a cunent across the basket which provides the 
temperature to melt and evaporate the aluminium under vacuum. To further avoid light 
gas contamination the chamber was equipped with a LN2 trap.
The aluminium contacts so produced have been sintered in an 8 Lamp Optical 
Furnace at 400°C for 1 minute.
65
4.2 Sample Analysis
After the implantation process, the cleaving and cleaning of samples and the 
annealing process, the material was analysed. Hall effect measurements, and Spreading 
Resistance Profile in some instances, were used to assess the electrical properties. 
Rutherford Backscattering Spectroscopy and Secondary Ion Mass Spectroscopy, and for 
two samples Transmission Election Microscopy, were used to assess the structural 
properties.
4.2.1 Hall effect measurement
Once the Van der Pauw pattern is generated on the sample surface, and the ohmic 
contacts are created on top, the electrical characterisation is performed using Hall effect 
measurements. This technique allows us to determine the earner concentiation. Hall 
mobility and conductivity (see section 3.2.1). The measurements were performed using a 
HL5900 Stripping Hall BIO-RAD. To perform the depth profiling of the electi'ical 
properties a layer removal technique was used, in order to perform the measurements 
layer by layer. To achieve the layer removal the process used was anodic oxidation and 
oxide stripping. An oxide layer is gi'own electi'ochemically on the implanted sample by 
immersing it, as the anode, in a suitable electrolyte. The thicloiess of the oxide formed is 
usually conti'olled by the applied voltage and must be calibrated. Thus this technique is 
recommended as thin unifoiTn layers can repeatedly be formed and removed in a 
controlled manner. The oxide is then removed using a suitable solution that does not 
attack the underlying material.
For sectioning silicon by this technique, the anodising medium often used is an 
anodising solution composed as described below;
0.05M KNO3 DI H2O 90% Ethylene Glycol (H0CH2CH20H) 10%;
a platinum cathode completes the cell. The anodic oxide is stripped by dipping the target 
in buffered hydrofluoric acid (5%). Layers less than 10 nm can be removed in this way.
4.2.2 Rutherford Backscatterma Spectroscoov
The Rutherford Backscattering analyses have been performed, using a High Voltage 
Engineering 2MV Van der Graaff accelerator with a 1.5 MeV He'*' beam. The raw data 
achieved have been analysed using the WiNDF software [Bar97], which has been
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written at SuiTey University, “The Ion Beam Analysis DataFurnace is a computer code 
to extiact elemental depth profiles from Rutherford backscattering and related ion beam 
analysis spectra.” [www03]. This software allows fitting the data using the simulated 
annealing algorithm [Kir83],
4.2.3 Secondary Ion Mass Soectroscopy
The Secondary Ion Mass Spectioscopy analyses have been performed in two 
different places. The analysis on the indium implanted samples was performed at the 
University of Catania (Italy) using a Cameca ion ToF-SIMS IV instiument equipped 
with a liquid metal source (Ga"^ ) and an election impact source (Ar^) operating in dual 
beam mode. The Ar"^  ion beam (1 keV, 15 nA) is rastered over a surface 300x300 |Lim^  to 
create the crater. The Ga^ (25 keV, 0,5 pA) is rastered over a suiface 30x30 |uim^ to 
sample the material from the very bottom of the crater avoiding, hence, any uncertainty 
due to the steepness of the crater walls. Regarding the work cairied out on gallium, the 
analysis was performed at the CEMES in Toulouse (France) using a Cameca IMS 4FE6 
with 5.5 keV at a cunent of 50 nA.
4.2.4 Other analytical techniques
For the marginal importance that Transmission Election Microscopy and Spreading 
Resistance Profiling have in this research work, the details of these techniques will be 
presented, together with a brief background on them, in the appendix.
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C hapter  F ive
5. Ex p e r im e n t a l  R e s u lts  f o r  In d iu m  Im p l a n t s
5.1 Introduction
As previously specified in the section related to the experimental details (see 
chapter 4) the work on indium implants has involved the fabrication of several doped 
layers. Table 5.1 summarises the implants performed and the conditions used.
Sample Indium Implant Co-Implant
Species- Species -
Energy (keV) - Energy (keV) -
Dose (cm' )^ Dose (cm' )^
In#01 In’*"-70 - 5.75x10^^ -
In#02 N - 15.9-1.06x10’^
In#03 0-13.5-1.11x10^^
In#04 0-13.5-1.11x10^'^
In#05 0-13.5-5.57x10^'^
In#06 0 -  13.5 - 8.35x10^
In#07 0-13.5-1.67x10*^
In#08 0-13.5-2.22x10*^
In#09 -
In#10 0-13.5-2.22x10*^
In#ll 0-20-3.42x10*^
In#12 0-1^5-2.22x10*^ + 
0-20-3 .42x10*^
Table 5.1 List of the samples achieved with indium implantation in silicon. 
The samples In#09-12 are implanted in a-Si. The pre-amorphising implant has 
been performed using ST 500 keV, 5 x l0 ’^  cm' .^
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The results of all the sets of samples prepared will be presented in distinct sections 
within this chapter.
The aim of this reseaich work, stated in its title and in the first intioductory 
chapters, is the production of Ultia-Shallow pn junctions using p-type dopant 
alternatives to boron (such as indium and gallium). However, since in the literature it is 
quite widely known that indium doped layers in silicon exhibit poor electrical 
chai'acteristics, our work has been a preliminary study of the electrical activation of 
indium implants in silicon as a function of the implant characteristics and of the post­
implantation annealing performed.
An implantation energy of 70 keV for the indium implant has been used to create an 
implanted layer not too thin in order to study the electrical activation in the absence of 
surface effects. The dose has been chosen to produce a distribution with a peak 
concentration of about 2x10^ ** at cm'^, which is the usual dopant level for source and 
drain extensions in CMOS devices.
Once the implant conditions were decided the first step was to study the effect of 
different co-implanted species (nitrogen and carbon) on the electiical activation of the 
dopant (sample In#01-03).
Following the preliminaiy results the use of caibon was continued with the set of 
samples In#04-08.
The last part of the work has studied the effect of the pre-amoiphization on the 
electrical chaiacteristics of the layers. Particular caie has been paid to the effect of the 
relative position in depth of the indium and of the carbon co-implanted distributions 
(samples In#09-12).
5.2 Effect of different co-implaiited species
Following the implantation with the specifications reported in table 5.1 the implants 
have been submitted to theraial annealing. A matrix with temperature ranging from 600 
to 1100 °C and time ranging from 1 seconds to 1 hour was used. The temperature/time 
conditions chosen ai*e summaiised in Table 5.2.
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The conditions used have been chosen in order to perform Rapid Thermal Anneal 
(RTA) and Solid Phase Epitaxy (SPE), As a further test some annealing with both the 
treatment (SPE+RTA) was caiiied out.
T(°C) Annealing time (seconds)
600 3600 Ih+RTA
650 3600 Ih+RTA
900 1800 600 300 60
1000 300 60 30 10
1100 60 30 10 5
Table 5.2 Matrix of annealing conditions used for the implants (In#01-08) 
performed. RTA is a 5 s at 1100 °C step performed subsequently to the Ih at 
600/650 °C step.
Measurements of sheet resistance and of Hall effect have been performed to assess 
the electrical properties of the samples prepared. The electrical activation trends, in 
terms of sheet resistance and sheet carrier concentration as a function of the annealing 
conditions, are reported in the Figures 5.1-5.3.
The implant In#01 (fig.5.1) is highly resistive (ps> 10000 Ohms/sq). The electrical 
properties do not show a paiticulai- dependence upon the annealing conditions used for 
annealing temperatures higher than 900 °C. In this case, in fact, sheet resistance and 
earner concentrations do not significantly change with a change in the annealing 
time/temperature. Below this temperature the annealing conditions used do not promote 
the activation of the layer. At 600 and 650 °C the carrier concentiation is an order of 
magnitude smaller than in all the other cases and a much higher resistivity (up to 100 
kOhm/sq) is observed. The data achieved are in substantial agreement with what has 
been published in the literature, suggesting a very low electrical activation for high 
concentrations of indium [Bai77].
The implant In#02 (fig.5.2) presents values of resistivity even higher with respect to 
those found in the case of the indium single implant. The sheet resistivity ranges
7 0
between 12 and 50 kOhm/sq and the sheet carrier concentration between 8el 1 and 2el2 
holes/cm^.
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Figure 5.1 Sample ln#01 (In). Electrical characteristics ( (a) sheet resistance 
and (b) carrier concentration) for different annealing temperatures as a 
function o f the annealing time. “+RTA” indicates a 5 s a t  1100 °C step 
subsequent to the 1 h step at 600/650 C.
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Figure 5.2 Sample In#02 (InN). Electrical characteristics ( (a) sheet resistance 
and (b) carrier concentration) for different annealing temperatures as a 
function of the annealing time. “+RTA” indicates a 5 s a t  1100 °C step 
subsequent to the 1 h step at 600/650 C.
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Figure 5.3 Sample ln#03 (InC). Electrical characteristics ( (a) sheet resistance 
and (b) carrier concentration) for different annealing temperatures as a 
function of the annealing time. “+RTA” indicates a 5 s a t  1100 °C step 
subsequent to the Ih step at 600/650 C.
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The data suggest a slight dependence of the electiical properties on the annealing 
conditions used. In particular, using low temperatures results in decreasing the 
activation. For isothermal annealing the time dependence shows, especially at 
1000/1100 °C, an increasing level of activation with increasing annealing time. This 
behaviour was not observed for indium single implants, implying that it is mainly due to 
the presence of the new species. The electiical activation process, hence, in the presence 
of nitrogen co-implanted material is reduced and limited to a lower value. This can be 
explained if it is considered that nitrogen is one of the species which reduces the re- 
gi'owth rate of damaged silicon under annealing [Ken77]. What we conclude is that, as 
reported in the literature, nitiogen obstructs the re-growth of the silicon layer, and hence, 
also the electrical properties of the implant. Longer times and higher temperatures are 
required to achieve dopant electiical activation.
The implant In#03 presents activation trends different from those of the previous 
two sets of samples. The maximum of the activation is achieved at lower annealing 
temperatures. The use of a RTA step subsequent to the SPE brings de-activation of the 
implants. The time dependence of the electiical activation has an opposite trend to the 
nitrogen co-implant. Shorter anneal times allow the achievement of lower resistance.
It is possible to compare the electiical behaviour of the three sets of implants 
considering the best activation achievable at the different annealing temperatures. The 
data aie shown in fig 5.4. It is evident that whilst the nitiogen co-implant has a 
negligible effect on the electiical properties of the doped layer, the presence of caibon 
clearly enhances the electrical activation (of over an order of magnitude) of the indium 
implant. Moreover it is observed, as previously mentioned, that a better activation is 
achievable at lower annealing temperatures. This result suggests the fact that the 
activation mechanism changes compaied to what happens for indium single implant 
only.
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Figure 5.4 Effect o f the co-implanted species on the electrical activation of 
indium doped layer. The best value of activation of each annealing 
temperature is plotted. The activation is expressed in terms of percentage of 
the implanted dose.
5.3 Effect o f carbon content on the electrical activation o f indium im planted  
layers
The implants performed (ln#04-08) have been submitted to annealing at the 
conditions summarised in table 5.2. The samples produced have been electrically (Hall 
measurements) and structurally (TEM, RBS, SIMS) characterised.
Regarding the atomic concentrations of the implanted species it is possible, using 
Monte Carlo simulations (such as SRIM), to calculate the relative peak concentration 
ratios achieved. The results are summarised in table 5.3.
The results of the electrical characterisation of the implants ln#04-08, in terms of 
sheet resistance and sheet carrier concentration as a function of the annealing conditions, 
are reported in the figures 5.5-5.9.
It is possible to summarise the results achieved on the basis of the nature of the 
sample produced analysing the data as a function of the carbon content.
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Implant Ratio Peak concentration 
C/In
In#01 0
In#03 1
In#04 0.1
In#05 0.5
In#06 0.75
In#07 1.5
In#08 2
Table 5.3 Peak concentration ratios for the implants performed.
Considering the sample containing 10% of carbon (In#04, fig.5.5) the electrical 
properties are nearly unchanged with respect to the indium single implant. The sheet 
resistance exceeds 15000 Ohm/sq and the overall activation is below the 1%. There is no 
particular trend of the electrical properties with respect to the annealing conditions even 
if using RTA seems to slightly improve the activation.
Using a carbon content of 0.5 (In#05, fig.5.6) results in a strong reduction of the 
resistivity of the layer. This behaviour is paiticulaiiy enhanced when a low annealing 
temperature is used. In fact a sheet resistance of 7500 Ohm/sq is found for annealing of 
Ih at 650 “C. The overall electrical activation is about 4%. A RTA step after the low 
temperature anneal results in the de-activation of the layer. When using a 900 °C 
annealing temperature it is possible to notice that increasing the annealing time results in 
a decrease of the earner density and an increase in the sheet resistance. Using higher 
temperatures does not show any particular ffend as a function of the annealing time.
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Figure 5.5 Sample In#04 (ratio C/In 0.1). Electrical characteristics ( (a) sheet 
resistance and (b) carrier concentration) for different annealing temperatures 
as a function o f the annealing time. “+RTA” indicates a 5 s at I ICO °C step 
subsequent to the I h step at 600/650 C.
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Figure 5.6 Sample In#05 (ratio C/In 0.5). Electrical characteristics ( (a) sheet 
resistance and (b) carrier concentration) for different annealing temperatures 
as a function of the annealing time. “+RTA” indicates a 5 sa t  1100 °C step 
subsequent to the 1 h step at 600/650 C.
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Figure 5.7 Implant ln#06 (ratio C/ln 0.75). Electrical characteristics ( (a) sheet 
resistance and (b) carrier concentration) for different annealing temperatures 
as a function o f the annealing time. “+RTA” indicates 5 s at 1100 °C step 
subsequent to the 1 h step at 600/650 C.
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Figure 5.8 Implant ln#07 (ratio C/ln 1.5). Electrical characteristics ( (a) sheet 
resistance and (b) carrier concentration) for different annealing temperatures 
as a function o f the annealing time. “+RTA” indicates a 5 sa t  1100 °C step 
subsequent to the 1 h step at 600/650 C.
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Figure 5.9 Implant ln#08 (ratio C/In 2). Electrical characteristics ( (a) sheet 
resistance and (b) carrier concentration) for different annealing temperatures 
as a function o f the annealing time. “+RTA” indicates 5 s at 1100 °C step 
subsequent to the I h step at 600/650 C.
Increasing the cai'bon content to 75%  (In#06, fig 5 .7 )  results in a further decrease of 
the resistivity of the layer (p s= 5 0 0 0  Ohm/sq when annealing for 1 h at 6 5 0  °C ). An 
overall activation of 6,5%  of the implanted dose is observed. The activation curve for 
isothermal anneals at 900 °C shows a strong dependence on the annealing time, with 
caiiier density decreasing with increasing length of thermal tieatment. When using an 
annealing temperature of 10 0 0  “C , no activation is observable unless for annealing 
shorter than 30 secs.
The implant with C/In peak concentration ratio 1.5 (In#07, fig 5,8) shows more 
cleai' activation tiends. The low temperature annealing leads to a higher electrical 
activation (12.5% at 650 °C). The resistivity drops to about 2750 Ohm/sq. As in the 
previous cases, performing a RTA step subsequent to the low temperature anneal results 
in the de-activation of the layer. Using isothermal anneals (900 and 1000 °C) shows a 
clear" dependence on the annealing time with a strong de-activation of the layer with 
increasing the annealing time. When 1000 “C is used, electrical activation is observable 
for annealing times shorter than 60 secs.
Considering the last implant of the set (In#08, fig 5.9) containing a carbon peak 
concentr ation double the value for indium, the trend observed for the previous implant is 
maintained. Low annealing temperatures enhance the electrical activation with a 
minimum resistivity value of about 2300 Ohm/sq (annealing 1 h at 650 °C). The 
electrical activation achievable is about 15% of the implanted dose. As in the previous 
cases, isothermal anneals show that using longer anneals results in the dopant de­
activation.
The sample In#08 has been further characterised to explore the electrical behaviour 
of the implanted layers for even lower thermal budgets. In particular" annealing times as 
short as 1 second and '"no dwell time” have been used for an annealing temperatures of 
900 and 1000 °C. Times ranging from 10 secs to 1 hour have been used for annealing 
temperature of 650 ”C. The results achieved are reported in figure 5.10. The data 
includes the use of 1100 °C and the RTA step for comparison.
It is possible to observe that using shorter times for the higher temperatures does not 
affect the activation level that seems to reach a saturation point.
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Figure 5.10 Implant ln#08 (ratio C/ln 2). Electrical characteristics ( (a) sheet 
resistance and (b) carrier concentration) for anneals extended to lower themial 
budget with respect to the other implants perfomied. The points at 0.1 seconds 
represent “«o dwell time'”.
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The use of a lower temperature results in a completely opposite trend. Increasing the 
annealing time (up to I hour) results in a parallel increase of the electrical activation. It 
has not been possible to observe an electrical activation saturation point for this 
annealing temperature for the annealing times explored. The absolute best values of the 
sheet carrier concentration are still achieved for the lower annealing temperature (Ih at 
650 °C), however the lowest sheet resistance value is achieved for very short annealing 
times at 900 (2000 Ohms/sq).
5.3.1 RBS results
Selected samples have been analysed using Rutherford backscattering spectrometry 
to characterise the structure of the implanted layers. In figure 5.11 typical RBS spectra 
are shown when analysing indium as implanted samples with the given implant 
specifications (see Table 5.1, sample ln#01).
Channelled
Random1B000
Surface
Indium
25 C h a n n e l 4 5 0
Figure 5.11 RBS spectra o f the sample ln#01, as implanted. The spectra 
obtained in random and channelled direction are presented.
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The analysis of the spectra using the WinDF software [www03] allows the 
determination of the atomic profile of the species. It is possible to obtain the retained 
dose of indium by integrating the area underneath the peak. Figure 5.12 shows the 
typical atomic profile achieved for indium.
Atomic 
concentration 
(atomic %)
0.30 —I
(a)
Depth
Figure 5.12 RBS atomic profile for the indium sample: a) ln#OI as implanted 
and b) ln#08 annealed Ih at 650 “C. The red and blue lines represents, 
respectively, the signal achieved in random and channeled directions. The b) 
case shows a great difference between channelled and random spectra 
indicating a higher indium substitutional fraction with respect to the a) case.
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In the figure 5.12 are reported both the spectra achieved for random and channelled 
directions. For comparison between the spectra of the same sample the estimation of the 
substitutional fraction of the species within the substrate lattice is obtained. In particular, 
the area underneath the random signal represents the whole dose of the implant present 
in the layer, whilst the area underneath the channelled spectrum represents the non- 
substitutional dose. The ratio of the two spectra provides a measure of the substitutional 
fraction.
The presence of contaminants on the surface of the sample can be monitored as well 
by analysing the channelled spectra. Figure 5.13 shows the signal due to the presence of 
carbon and oxygen on the surface.
Norm Counts
1250
Surface M ass (aiiiu) = 12 (carbon).
Surface M ass (aniu) = 16 (oxygen).
0
Channel 45030
Figure 5.13 Channelled spectrum o f the sample ln#05 annealed 1 h at 650 °C.
The random spectrum is not shown because the saturation of the signal due to 
the silicon surface does not allow the detection of the surface contaminants.
In the channelled speetrum a small peak is usually noticeable placed immediately 
after the silicon surface signal. The presence of this signal is due to de-channelling 
events caused by silicon atoms in non-substitutional sites, namely by the presence of a
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damaged area. The magnitude of this signal, which is shown in figure 5.14, provides an 
estimation of the damage present in the layer.
Random
De channeling signal
cu
E
oc
cno
Channel 450
Figure 5.14 RBS evidence o f residual damage after anneal for the sample 
ln#01 annealed 1 h at 650 °C. The spectra are represented in logarithmic scale 
for a clearer sight o f the peak.
It is, hence, possible to summarise the results from RBS analysis in terms of the 
following parameters:
i) Dopant Dosimetry
ii) Dopant substitutional fraction
iii) Presence of surface contaminants (C and O, presumably due to the
pumping system)
iv) Presence of residual damage
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Four samples per implant have been analysed:
i) as implanted
ii) annealing 1 h at 650
iii) annealing 60 s at 900 °C
iv) annealing 60 s at 1000 °C
Implant ln#08 has been more deeply analysed using the set of samples of Table 5.4: 
As-implanted Annealing time (seconds)
650 T  60 1800 3600
900 T  1 30 60
1000"C 1 30 60
Table 5.4 Matrix o f annealing conditions used for the implants (ln#09-12) to 
perform RBS analysis.
The following graphs (fig. 5.15-5.21) depict the data achieved in terms of retained 
dose and substitutional fraction for the several In/C implants as a function of the 
annealing conditions. The data are presented in order to show the results for increasing 
carbon content.
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Figure 5.15 Retained dose and substitutional fraction for the implant ln#01 
(indium single implant) as a function of the annealing conditions (from RBS 
data. The error is estimated to be of 10% for the dosimetry and 20% for the 
substitutional fraction.
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Figure 5.16 Retained dose (uncertainty 10%) and substitutional fraction 
(uncertainty 20%) for the implant ln#04 (C/ln 0.1) as a function o f the 
annealing conditions (from RBS data).
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Figure 5.17 Retained dose (uncertainty 10%) and substitutional fraction 
(uncertainty 20%) for the implant ln#05 (C/ln 0.5) as a function o f the 
annealing conditions (from RBS data).
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Figure 5.18 Retained dose (uncertainty 10%) and substitutional fraction 
(uncertainty 20%) for the implant ln#06 (C/ln 0.75) as a function o f the 
annealing conditions (from RBS data).
Retained dose  •  Substitutional fraction
Eo
o
m j-(/) o -0T3■Q(U
1(Ua:
as-implanted Ih  at 650C 60s at 900C 60s at 1000C
80
70
60
50
40
30
20
10
0
A nnealing  conditions
Figure 5.19 Retained dose (uncertainty 10%) and substitutional fraction 
(uncertainty 20%) for the implant ln#03 (C/ln 1) as a function o f the 
annealing conditions (from RBS data).
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Figure 5.20 Retained dose (uncertainty 10%) and substitutional 
fraction(uncertainty 20%) for the implant In#07 (C/In 1.5) as a function of the 
annealing conditions (from RBS data).
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Figure 5.21 Retained dose and substitutional fraction for the implant ln#08 
(C/ln 2) as a function of the annealing conditions (from RBS data). The graph 
is separated in three regions according to the annealing temperature used. The 
point at 30 m (650 °C) clearly is not a representative sample.
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The above results show that the indium retained dose decreases with increasing the 
thermal annealing budget. This behaviour is common to all the implants performed. 
However it is possible to notice that when cai'bon is added to the layer (fig.5.15-5.21) 
the dose loss as a function of the annealing conditions is less severe compaied with the 
case of indium single implant (fig. 5.15), especially at the higher annealing 
temperatures. The indium substitutional traction shows a common trend for all the 
implants except for the indium single implant. In fact, disregarding the initial points, 
where for the as-implairted samples the chance to have indium atoms in lattice sites 
within a highly damaged layer is very poor, in all the cases the substitutional fraction 
decreases with increasing annealing temperature. Only for the indium single implant is 
this trend not observed. Considering the graph achieved for the sample with highest 
amount of carbon (fig. 5.21) both the retained dose and the substitutional fraction show a 
decreasing trend with increasing annealing time, especially for the higher annealing 
temperatures.
When attention is paid to the de-channelling signal due to the damaged area it is 
possible to notice that the peak is placed, for every sample, at a distance of 10-12 energy 
channels from the silicon surface peak. It is possible to translate the channel infoimation 
to depth information by energy loss calculations for the given analysing ion and energy. 
The average depth for each channel is about 7 nm. This leads to a damage position at 
about 70-80 nm in depth.
It is possible to estimate the magnitude of the damage as a percentage ratio of the 
signal to the background signal. Figure 5.22 shows the results for all the samples 
analysed. There is not a cleai* tiend common to all the implants, especially when it is 
considered that an uncertainty of about 20% is expected for such an analysis. However, 
with the only exception of the indium single implant, for all the samples analysed, it is 
possible to notice that the lowest damage detectable is achieved after annealing of 60 s at 
900 “C.
The data relating to the implant In#08 are reported in a separate plot, fig. 5.24, to 
allow a better view of the data trend as a function of the annealing conditions 
(time/temperature). As already observed for the other implants, the residual damage is
9 2
less for anneals performed at 900 °C The only exception is the point at 1 s at 1000 °C, 
where increasing annealing time reduces the residual damage signal
ln#01 ln#04 ln#05 ln#06 ♦  ln#03 < ln#07
1 h at 650C 60s at 900C 60s at 10OOC
A nnealing conditions
Figure 5.22 RBS evaluation o f the de-channelling signal due to the damaged 
area. The damage is estimated as a percentage ratio of the total damage peak 
to the silicon background signal in order to normalise the data extracted from 
different spectra. The legend is reported in order of increasing carbon 
concentration. For clarity reason no error bars (uncertainty 20%) are shown .
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Figure 5.23 RBS evaluation o f the de-channelling signal due to the damaged 
area for the implant ln#08. The damage is estimated as a percentage ratio of 
the total damage peak to the silicon background signal in order to nomialise 
the data extracted from different spectra. The graph is split into three parts 
according to the annealing temperature. Estimated uncertainty o f about 20%.
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Regarding the presence of contaminants, the data achieved does not allow us to 
exti’act any paiticular infoimation. Carbon and oxygen (in surface) are always present in 
the annealed samples. Carbon is always detectable on samples because of mainly two 
reasons:
a) adsorption of carbon dioxide from the atmosphere on the sample surfaces.
b) Contaminants due to the pumping systems (such as oil vapours).
According to the amount of cai'bon detected the second possibility seems the most
likely to produce the cai'bon signal..
The oxygen is due to two different reasons:
a) Immediate oxidation of the silicon surface in contact with atmosphere (this 
should lead to a layer of about 2-3 nm in thickness)
b) Oxidation promoted in the annealing chamber by the presence of a residual 
pai'tial pressure of oxygen.
The oxide layer grown in the second case should be slightly thicker than the native 
oxide. The as-implanted samples, where the oxide layer can only be the native oxide, do 
not show a strong oxygen signal. The oxygen is, hence, incorporated into the layer 
during annealing. The measured thickness of the oxygen signal is around 20-30 nm for 
all the analysed samples.
5.3.2 SIMS results
To assess the distribution of the dopant in the implanted layer. Secondary Ion Mass 
Spectroscopy has been performed on a selected set of samples. The implant chosen is the 
In#08, which has the highest electrical activation. Two samples have been profiled: the 
as implanted and the annealed at 650 °C for 1 hour. Figure 5.24 shows the profiles 
achieved.
The as-implanted sample has a distribution nearly gaussian in shape with a peak 
placed at about 40 nm. The peak concentration is of about 2x10^^ at/cm^. The profile of 
the annealed sample shows a distribution slightly broader with no or negligible diffusion 
toward the tail A more pronounced diffusion is observed toward the surface. The peak 
concentration is about 1x10^  ^ at/cm^. It is moreover possible to notice a Idnk in the 
distribution at a depth of about 75 nm. Integrating the area underneath the peak provides
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a measurement of the total concentration of the indium present within the layer The 
retained dose after annealing is 62% of the implanted dose.
0 as-implanted 
—  1 hour at 650 °C
1E20
1E19-
1E18 100 120 140
D e p t h  (n m )
Figure 5.24 SIMS profiles of indium (In#08, C/In 2/1) in silicon. The as- 
implanted and annealed samples are presented.
5.3.3 TEM jesuj^
To assess the crystalline structure after annealing XTEM pictures have been taken 
of selected samples. In paiticular the samples In#01 and In#04 have been investigated 
after annealing for Ih at 650 ®C. The figures 5.25 and 5.26 show the micrographs 
obtained.
The micrographs show, for both the samples analysed, a damaged aiea on the 
backside of the implant, at a depth of about 80 nm due to the formation of End of Range 
defects under annealing at low temperatures.
The micrographs of the sample with indium implant only (fig 5.26) depicts the 
presence of scattered defects across all the thickness of the implanted layer, with an 
increasing density near the middle of the layer. This kind of defect is gieatly reduced in 
the presence of cai'bon (fig. 5.26).
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In#01 annealing 1 h at 650 °C
Surface
End of
range -
50nm 20nm
Figure 5.25 XTEM micrograph of the sample In#01. The operator assessed 
the deeper continuous band of defect as End Of Range defects. On the top the 
surface of the sample is indicated. The right figure is a magnification of the 
original left micrograph.
In#04 annealing 1 h at 650 °C
Surface Surface
End of 
range
50nm 20nm
Figure 5.26 XTEM micrograph of the sample In#04. The operator assessed 
the deeper continuous band of defect as End Of Range defects. On the top the 
surface of the sample is indicated. The right figure is a magnification of the 
original left micrograph.
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5.4 Effect of Pre-amorphization and position of the carbon distribution on the 
electrical activation of the indium implanted laver.
This section describes the results achieved for samples In#09-In#12 produced by 
implanting indium in a previously amoiphized layer. The amoiphization was performed 
using S r  500 keV 5x10^^ cm'^. The specifications used have been chosen in order to 
produce an amoiphous layer about 1 pm thick (SRIM2000 simulations).
The implantation created the following samples:
In#09) A single indium implant;
In# 10) An indium implant in presence of a overlapping cai'bon distiibution. The 
C/In peak concentration ratio is 2;
In#l 1) An indium implant with a deeper cai'bon distribution placed in a inteimediate 
position between the indium distribution and the interface a/c produced by the pre- 
amorphising implant;
In# 12) An indium implant in the presence of an overlapping (C/In peak 
concentration ratio 2) and of a deeper cai'bon distributions.
Considering that the implants have been performed on a thicker amoiphous layer 
with respect to the set In#01-In#08, the annealing schedule has been modified in order to 
achieve the re-growth of the layer with a contemporaiy minimisation of the thermal 
budget.
The annealing matrix used is described in table 5.5
T(°C) Annealing time (seconds)
650 10 30 60 600 3600
750 10 30 60 600 3600
900 5 10 30 60 -
Table S75 Annealing schedule for the indium samples implanted in pre- 
amoiphised silicon (set In#09-In#12)
This set of samples has been submitted to electrical (sheet resistance and sheet 
carrier concentration) and RBS analysis. The following two subsections describe the 
results achieved.
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5.4.1 Electrical characterisation 
The figures 5.27-5.30 depict the electrical data achieved by the analysis of the 
prepared samples.
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Figure 5.27 Implant In#09 (In single implant). Electiical characteristics ( (a)
sheet resistance and (b) carrier concentration) for different annealing
temperatures as a function o f the annealing time.
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Figiu'e 5.28 Implant In# 10 (InC co-implant, ratio C/ln 2). Electiical
characteristics ( (a) sheet resistance and (b) carrier concentration) for different
annealing temperatures as a function o f  the annealing time.
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Figure 5.29 Implant In # ll (InC co-implant with C deeper distribution).
Electrical characteristics ( (a) sheet resistance and (b) carrier concentration)
for different annealing temperatures as a fimction o f  the annealing time
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Figure 5.30 Implant In# 12 (InC co-implant, with C distribution overlapping 
indium with ratio C/In 2, plus C deeper distribution). Electrical characteristics 
( (a) sheet resistance and (b) carrier concentiation) for different annealing 
temperatures as a function o f the annealing time
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The implant In#09 (fig. 5.27) is quite resistive (ps>10000 Ohm/sq) in a similar way 
to the sample In#01, from which it is different just because of the pre-amorphization by 
silicon ions. Resistance and sheet carrier concentration are nearly constant for all the 
annealing conditions used. The overall electrical activation is <0.1%.
The implant In#10 (fig. 5.28), which contains carbon in the same region where the 
indium peak is, presents a much lower resistance value (down to 700 Ohm/sq). For very 
short anneals the higher temperatures provide better activation (with higher caiiier 
density and lower resistance). Wlien increasing the annealing time it is observable that 
the best temperature to achieve a good electrical activation is 750 ®C. When annealings 
ai*e performed at this temperature, increasing the annealing time results in increasing the 
total activation of the layer (up to 22% of the implanted dose).
The implant In#ll (fig. 5.29), which contains carbon in a deeper position with 
respect to the indium profile, presents a value of the sheet resistance and caiiier density 
similar to the implant In#09. The sheet resistance is as high as 10 kOhm/sq and the 
overall electrical activation lower than 1% of the implanted dose. As in the case of the 
indium single implant, there is no particular' bend of the electrical properties with the 
annealing conditions.
The implant In# 12 (fig. 5.30), containing both the carbon disbibutions (matching 
the indium peak and deeper), presents values of sheet resistance ranging from 1500 to 
5070 Ohm/sq. For short annealing times, high temperatures are most effective in 
activating the layer. However, the samples with lower resistance are achieved when long 
annealing times at 750 “C are performed. The bend achieved is very similar' to the 
behaviour shown by the implant In# 10 (fig 5.28).
Comparing the four sets of samples it is possible to observe that the carbon 
distribution is effective in activating the indium doped layer only when the carbon 
distribution is placed within the same area where the indium is. This behaviour is 
different to what has been observed in the literature [Bou99].
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5.4.2 RBS results
To obtain structural information (such as dose measurement, substitutional fraction, 
contaminants presence, residual damage after annealing) RBS has been performed on a 
selected set of samples. In particular, the annealing matrix shown in table 5.6, has been 
used to produce the samples.
Annealing Annealing time (seconds)
Temperature 
as implanted
750 600
900 5 10
1000 5
Table 5.6 Annealing schedule for RBS analysis for the indium samples 
implanted in pre-amorphised silicon (set ln#09-ln#12).
Indium  signal
200
Norm Counts
20000 -1
'  End o f th e  damaged layer
Silicon surfaci
50 450Channel
Figure 5.31 RBS random and channelled spectra of the implant In#09 as 
implanted. It is possible to observe implant damage and indium distribution.
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In fig.5.31, (sample In#09) the signal due to the damaged area overlaps the random 
spectrum confirming that the pre-implantation with Si 500 keV 5el5 is effective in 
amorphising the silicon substrate.
The figure 5.32 shows the spectra achievable for one annealed sample. The 
channelled spectrum provides information about the indium distribution, the presence of 
contaminants and of residual damage within the layer.
De^channeiling signal
Surface M ass = 16 (oxygen)9 .75
Silicon surfaceI
I
s
Indium
4 0 Channel 4 5 0
Figure 5.32 RBS random and channelled spectra of the implant ln#09 after 
annealing of 5 s at 1000 “C.
The spectra reported are an example of the achievable spectra for all the annealing 
conditions used for the different implants performed. In the following graphs (fig. 5.33- 
5.36) are reported the data achievable in terms of measurement of the retained dose, and 
estimation of the substitutional fraction. As in the graphs shown previously regarding the 
measurements on samples not pre-amorphised (Figg.5.15-5.21) the collected number of 
counts, determining the overall statistic of the measurements and, hence, its precision the 
uncertainty regarding the dose measurement is of 10%, whilst for the substitutional 
fraction it is 20%. The uncertainty is shown in the graphs in the form of error bars.
As already observed for the implants performed on c-Si (ln#0l-08, figg. 5.18-5.21), 
the retained dose decreases with increasing thermal annealing budget. This behaviour is 
observed for all the four implants performed on pre-amorphised silicon. The dose loss
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after annealing does not exceed, anyway, for the annealing condition range investigated, 
the 34% of the implanted dose.
Regarding the substitutional fraction, the values range around 20% for the indium 
single implant (fig 5.33), without any particular dependence on the annealing performed. 
When carbon is present the substitutional fraction observed is always higher than 30% 
with maximum values of 60%. The dependence on the annealing conditions is not as 
clear as in the case of the implants performed in c-Si.
In general terms, it is possible to observe a decrease of the substitutional fraction 
value with increasing the thermal budget. However many exceptions are evident, 
especially in the case of the implant In# 12 (fig. 5.36) where increasing the annealing 
temperature from 750 to 900 °C results in an increase in the substitutional fraction. For 
samples produced from the same implant, increasing the annealing time at 900 °C has 
the same effect.
We can speculate that this different behaviour is likely to be due to the presence of a 
lar ger concentr ation of carbon dispersed in a larger area. During the diffusion promoted 
by the annealing, indium and carbon are constantly mixed all over the thickness of the 
modified layer. At lower thermal budgets, where the diffusion is limited, the carbon 
distribution interacting with the indium is the one matching the dopant peak. At more 
severe conditions, and larger diffusion, the deeper carbon distribution can take part in 
the interaction competing to relieve the str'ess of the indium atoms in positions which 
would not be, otherwise, possible.
The defective area is placed at a depth of about 1 |iun. Extracting more information, 
such as percentage of the background or atoms involved, is not straightforward because 
of the interference with carbon which occurs in the same region of the spectrum.
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Figure 5.33 RBS measurements of retained dose and substitutional fraction 
for the implant In#09 (In in a-Si) as a function o f the annealing conditions.
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Figure 5.34 RBS measurements o f retained dose and substitutional fraction 
for the implant In# 10 (In/C in a-Si) as a function of the annealing conditions.
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Figure 5.35 RBS measurements o f retained dose and substitutional fraction 
for the implant In#l 1 (In + C deep in a-Si) as a function o f the annealing 
conditions.
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Figure 5.36 RBS measurements of retained dose and substitutional fraction 
for the implant ln#12 (In + C deep in a-Si) as a function o f the annealing 
conditions.
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5.5 Summary
The results obtained can be summarised as it follows:
• Layers implanted with indium present very low electrical activation (<1%).
• Co-implanting nitrogen has no or negligible effect on the electrical properties of 
the implanted layer.
• Co-implanting carbon enhances the electrical activation of the doped layer
(maximum electrical activation -36%, implant In#08 annealed Ih at 650 °C)
• The electrical properties var y as a function of the carbon content.
• The presence of carbon within the layer allows a re-growth of the layer with a
lower degr ee of residual damage after annealing.
• Performing annealing at low thermal budget results in a negligible diffusion, 
especially toward the tail of the distribution.
• After re-growth at low thermal budget a band of End Of Range defects, placed at 
about 80 nm, is observed.
• The retained dose and the substitutional fraction decrease with increasing the 
thermal budget.
• Damage at the tail of the implant is observed using RBS. The lowest level is
achieved when annealing at 900 °C.
• Implanting indium into pre-amorphised silicon does not show any increase in 
electrical activation with respect to the implant performed in crystal silicon.
• Co-implanting carbon and indium in pre-amorphised silicon results in improving 
the electrical properties of the implanted layer (sheet resistance drops from 
10000 down to 2000 Ohms/sq).
• The behaviour of activation is different when implanting in pre-amorphised 
silicon. The highest activation is achieved when annealing at 750 °C. At this 
temperature increasing the annealing time results in an increase in the electrical 
activation.
• The maximum effect of the carbon distribution on the electrical properties of 
indium implanted layers in silicon occurs only when the carbon is placed where 
the indium distribution is.
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C hapter  S ix
6. Ex p e r im e n ta l  R e s u lts  f o r  Ga l l iu m  Im p l a n t s
6.1 Introduction
Gallium samples were prepared in a similar way to the indium implants. In table 6.1 
the implants produced and the specifications used are summarised.
Sample Species Energy
(keV)
Dose
(ion/cm^)
Pre-Am
Ga#01 Ga 54 6 .8 x Ï0 ^ ^ No
Ga#02 Ga 54 6.8x10 "^^ Yes
Ga#03 Ga 10 2xïÿ^ Yes
Ga#04 Ga 10 2.4x10^ Yes
Ga#05 Ga 10 2x10^^ Yes
Table 6.1 List of the samples achieved with gallium implantation in silicon.
The samples Ga#02-05 are implanted in a-Si. The pre-amorphising implant 
has been performed using Ge^ 190 keV, 2x10^  ^cm"^ .
As already done for the indium implanted samples the results related with this set of 
samples will be presented in separate subsections within this chapter.
Sample Ga#01 has been prepared using the given specifications in order to create a 
modified layer whose thickness was compar able to the one implanted for indium.
The next step was the implantation of gallium, using the same specifications used 
for sample Ga#01, into a-Si to assess the effect of the pre-amorphisation on the electrical 
properties and on the dopant redistribution after annealing.
The final step was to reduce the implantation energy to create very shallow layers 
suitable for modern VLSI technology.
109
6.2 Ga#01
Following implantation the samples have been annealed according to the following 
temperature/time matrix:
T(°C) Annealing time (seconds)
600 10 60 1800 3600
650 10 60 1800 3600
750 10 60 1800 3600
900 5 10 60 300
Table 6.2 Matiix of the annealing conditions used for the implant Ga#01. For 
the lower temperatures longer annealing times are used to achieve the re- 
growth of the layer.
6.2.1 Electrical characterisation
Measurements of sheet resistance and Hall effect have been caiiied out to assess the 
electrical properties of the samples prepar ed (in terms of resistivity and catTier density of 
the layer). The trends achieved are reported in figure 6.1
In the investigated range of time/temperature the sheet resistance increases with 
increasing annealing time. Also an increase of resistance is observed when the annealing 
temperature is increased. However, this behaviour is not observed for long annealing 
times at 650 and 750 °C. In this case the higher value of carrier mobility achieved (90- 
110 cm^/V-s at 750 °C versus 55-63 cm^/V-s at 650 °C) allows these sample to have a 
lower resistance. The sheet resistance values range from 578 (annealing of 10 seconds at 
650 °C) to 1600 (annealing of 3600 seconds at 750 °C) Ohm/sq.
The sheet earner concentration decreases constantly with increasing annealing time 
and/or temperature. The highest canier concentration (6.1el4 holes/cm^) is achieved 
after annealing at 650 °C for 10 seconds. The lowest concentration (3.6el3 holes/cm^) is 
achieved after annealing at 750 °C for 3600 seconds.
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Figure 6.1 Sample Ga#01: Electrical characteristics ( (a) sheet resistance and 
(b) carrier concentration) for ditTerent annealing temperatures as a function of 
the annealing time.
Differential Hall effect measurements have been performed on the sample with 
lowest resistance to better and further characterise the layer (figure 6.2).
OHM
Ga#01 Annealing 10 s at 600 °C
1E 20-I
1E19-
1E18
50 100 150
Depth (nm)
Figure 6.2 Implant Ga#OI, annealing 10 seconds at 600 °C, electrical profile 
achieved by differential Hall effect measurements.
The peak of the distribution is placed at about 50 nm, and its concentration is about 
1x10^  ^ h/cm^. The electrical pn junction, estimated at a carrier concentration of lO'^ 
h/cm^, is shallower than 150 nm. By integration of the area underneath the peak it is 
possible to quantify the concentration of carriers electrically active within the layer. This 
area is equivalent to 6.14 h/cm^, in agreement with measured value of the sheet carrier 
concentration (6.1x10*'  ^h/cm^)
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6.2.2 Structural characterisation
To assess the dopant distribution within the layer and its diffusion behaviour during 
annealing, SIMS analysis has been carried out on a selected set of samples.
The as implanted sample and the one annealed at 600 °C for 10 seconds have been 
chosen (fig 6.3).
1E20-
0  1E19-J
1 c
8  1E18-JÜEI
1E17
SIMS
^a#2naajmplante^an^nnealm
o as Implanted 
—X— 10 s  at 600 °C
150
Depth (nm)
Figure 6.3 Implant Ga#01. SIMS profiles for the as implanted and the 
annealed (10 s at 600 °C). The annealing conditions have been chosen 
because of the highest electrical activation achieved.
The as-implanted sample has a gaussian distribution, slightly broadened on the tail, 
with a peak placed at about 40 nm. The peak concentration is of about 2x10^^ at/cm^. 
The junction position, estimated at a concentration of 1x10^  ^ at/cm^, is placed at about 
150 nm.
The annealed sample shows a distribution that overlaps nearly totally the profile of 
the as implanted sample. There is no or negligible diffusion either toward the tail or at 
the surface. The junction position is unchanged with respect to the as implanted sample.
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At a depth of about 50 nm a kink in the distribution is observed. In this position the 
dopant is accumulated whilst it is depleted from the region just a little deeper. It is 
possible to speculate that the same kind of behaviour observed for indium is replicated 
here. Namely the kink is due to segregation of the species in a highly damaged aiea after 
annealing at low temperature.
6.3 Ga#02
The first step in processing the samples achieved from this implant has been to 
perform the thermal annealing. The chosen matrix of temperature and time is 
summarised in the following table
T(°C) Annealing time (seconds)
600 10 60 600 1800
650 10 60 600 1800
Table 6.3 Annealing conditions used for the implant Ga#02. The times are 
shorter compai'ed with the conditions used for Ga#01 because of the electrical 
results showing lower electiical activation with increasing annealing time. For 
the same reason the higher temperatures (750 and 900 °C) have not been used.
6.3.1 Electrical characterisation 
Due to the presence of a thick amorphous layer the lower theimal budgets are not 
effective in achieving the complete re-growth of the layer. This, in turn, does not allow 
the measurement of the characteristics. The data achieved are presented in Table 6.4:
Annealing
Temperature
CC)
Annealing time 
(seconds)
Ps
(Ohm/sq)
Ns
(holes/cm^)
650 60 423.0 '9.2x10 '^*
650 600 536.5 6.3x10^
650 1800 676.2 4.6x10^^
600 600 445.7 8.2x10^ "^
600 1800 558 5.8x10 '^^
Table 6.4 Electrical data (sheet resistance and sheet canier concentration) o f
the implant Ga#02 annealed at the mentioned temperature/time conditions.
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The sheet resistance of the layers decreases with decreasing the annealing time and 
or temperature. The highest value of activation is achieved after annealing for 60 
seconds at 650 °C. A thermal treatment using the same annealing time at 600 °C is not 
sufficient to re-grow the layer and activate the dopant.
To achieve a better electrical characterisation the sample at lower resistance has 
been analysed using DHM (fig. 6.4)
DHM
Ga#02 Annealing 60 s at 650 °C
Ü
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Figure 6.4 Implant Ga#02, annealing 60 seconds at 650 °C, electrical profile 
achieved by differential Hall effect measuiements
The peak of the distribution is placed at about 40 nm, and its concentration is of 
about 1x10^ ® h/cm^. The electrical pn junction, estimated at a caiiier concentration of 
10^  ^h/cm^, is about 110-120 nm
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6.3.2 Structural characterisation
The distiibution of the dopant in the as implanted layer and in a selected set of 
annealed samples has been assessed using SIMS analysis.
The annealed samples chosen aie the 60 s at 650 °C (which presents the highest 
electrical activation) and the 10 s at 650 °C to verify the diffusion behaviour during 
annealing (fig 6.5)
SIMS Ga#02
(as-implanted and annealed at 650 °C for 10 and 60 s)
o as implanted 
- V -  10 s at 650 °C  
- X -  60 8 at 650 °C
70
1E18-.
1E17
0 50 100 150Depth (nm)
Figure 6.5 Sample Ga#02. SIMS profiles for as implanted and annealed (10 
and 60 seconds at 650 °C) samples.
The as implanted distribution has a gaussian shape, with no broadening on the tail. 
The peak is placed at a depth of about 40 nm, with a concentration of about 2x10^° 
at/cm^. The annealed samples show very little diffusion in either direction (surface and 
tail) with a very small decrease of the peak concentration and broadening of the tail. The 
diffusion towai'd the surface is slightly stronger, with a marked dopant accumulation 
especially in the initial 20 nm. The diffusion increases slightly with increasing annealing 
time.
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6.4 Ga#03-05
The implants have been annealed under two conditions: 10 s at 750 °C and 30 s at 
650°C. The electiical results achieved are summarised in Table 6.5.
Sample Annealing
Conditions
Sheet
Resistance
(Ohm/sq)
Sheet Carrier 
Concentration 
(holes/cm^)
Ga#03 30 s at 650 °C 3250 2.2x10^^
10 sat 750 °C 3790 1.4x1 o’®
Ga#04 30 s at 650 °C 760 9.9x10’"’
10 sat 750 °C 1340 2.2x10’"’
Ga#05 30 s at 650 °C 536 8.9x10’"’
10 sat 750 °C 914 4.1x10’"’
Table 6.5: Electrical characterization of the implantsGa#03-05 in terms of 
sheet resistance and canier concentration in dependence of the annealing 
conditions.
For all the implants increasing the thermal budget results in decreasing the electrical 
activation, namely decreasing the caiiier density and increasing the resistivity of the 
layer.
Among the different implants the larger is the implanted dose the lower is the 
resistance observed. On the other hand the earlier concentration increases with 
increasing dose. This is due to a larger concentr ation of atoms available for ionization 
and conduction. However, if the electrical activation is considered as the ionized fraction 
of the implanted dose, it is possible to observe that increasing the dose over a certain 
threshold starts to show a dr astic reduction in activated fraction.
A further electrical characterisation of the samples has been achieved using 
Spreading Resistance Profile. A selected set of samples has been analysed with this 
technique. The samples chosen were those annealed for 30 s at 650 °C, due to their 
higher electrical activation compared with those annealed with higher thermal budget.
The profiles obtained are presented in the figures 6.6-6.8.
The carrier distributions of the analysed samples show a peak at a depth of about 10 
run. The sample Ga#03 has a peak concentr ation of about 2x10^^ holes/cm^, the junction 
depth, estimated at a earlier concentration of 1x10*  ^ holes/cm^ occurs at about 15 nm.
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The sample Ga#04 has a peak concentration of about 4x10^^ holes/cm^ and a junction 
depth at about 37 nm.
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Figure 6.6 Ga#03: SRP profile of the sample annealed 30 s at 650 °C. The 
straight lines allow a graphic estimation of the junction depth at a carrier 
concenti'ation of IxlO’’ holes/cm^;
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Figure 6.7 Ga#04: SRP profile of the sample annealed 30 s at 650 °C. The 
straight lines allow a graphic estimation of the junction depth at a earner 
concentration of IxlO’’ holes/cm^;
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Figure 6.8 Ga#05: SRP profile of the sample annealed 30 s at 650 °C. The 
straight lines allow a graphic estimation of the junction depth at a canier 
concentration of 1x10*’ holes/cm^;
For the sample Ga#05 the peak concentration is about 7x10*  ^ holes/cm^ with a 
junction depth of about 42 nm.
Integrating the area beneath the profiles provides an estimation of the sheet caiTier 
concentration. The data obtained aie reported in table 6.6.
Sample Sheet carrier 
concentration (SRP) 
(holes/cm^)
Sheet carrier 
concentration (HM) 
(holes/cm^)
Ga#03 2.0x10^^ 2.2x10^^
Ga#04 7.1x10^ ® 9.9x10^ '*
Ga#05 1.1x10^ 4 8.9x10^ '*
Table 6.6 Sheet canier concentration for the sample Ga#03-04-05 annealed 
for 30 s at 650 °C obtained by integrating the area beneath the SRP profiles 
(fig. 6.6,6.7,6.8) in comparison to the Hall measurement.
The data aie much lower, by about one order of magnitude, than the corresponding
values obtained using Hall effect measurements.
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6.5 Summary
The results achieved can be summarised as follows:
• High electrical activation is observed (sheet resistance lower than 600 Ohm/sq). 
The activation is a function of the annealing conditions. An increase in thermal 
budget results in an increase in the resistance of the doped layer.
• At the low thermal budget conditions used to achieve the highest activation, 
dopant diffusion is not observed. There is no significant dose loss.
• Implanting gallium in pre-amorphised silicon allows the attainment of layers 
with the lowest resistivities.
• Reducing the implant energy from 54 keV to 10 keV results in shallower 
distiibutions with higher resistance.
• Implanting high dose at low energy (10 keV, 2xl0'^ Ga^ cm‘^ ) allows a layer as 
shallow as 40 nm with a sheet resistance of about 500 Ohm/sq. The peak carrier 
concenti'ation (evaluated by SRP) is about 6x10^ .^
• The sheet canier concentration data achieved using SRP is an order of 
magnitude lower than those measured using Hall effect.
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Chapter Seven
7. D is c u s s io n  OF THE RESULTS
7.1 Introduction
In this chapter a discussion about the interpretation of the data reported in the 
chapters 5 and 6 will be presented.
The first part will consider the data achieved for the indium implants. In particular* 
the effect of the carbon content, of the annealing conditions, of the position of the carbon 
peak relative to the indium distribution position and the effect of the pre-amorphisation 
on the dopant activation and distribution will be discussed.
The data achieved for the gallium implants, with particular regard to the effect of 
the annealing conditions, of the pre-amorphisation and of the implantation specifications 
will be discussed in the second par t of the chapter.
Since the nature of the work cari'ied out for the two different implants is similar, 
some cross-links between the discussion of the separate experiments will be presented.
7.2 Indium Implants
7 .2 .1 1mplants in crystal silicon
The indium single implant presents values of electrical activation (<1%), which are 
in agreement with the expectations according to the literature [Bar*77]. As a consequence 
of this, the layers produced are highly resistive (ps>10 kQ/sq). The samples are mostly 
unactivated and any change in temperature/time of annealing produces bar ely detectable 
effects on the electrical properties.
When introducing carbon the situation changes.
If we consider figure 5.4 it is possible to observe the effect of the co-implanted 
species on the electrical properties of the indium implanted layers. With respect to the
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use of nitrogen, as already mentioned in sec. 5.2, the electrical activation is slightly 
reduced due to the detrimental effect that nitrogen has on the re-growth rate of the 
damaged silicon layer during annealing [Ken77].
With respect to the use of carbon a strong increase in electrical activation, with a 
parallel reduction of the resistance of the layers, is observed.
This is not a novel achievement since it was already demonstrated that the presence 
of carbon increases the electrical activation of the indium implanted layers [Bou99]. The 
effect can be explained in terms of an energy band modification. It has been shown that 
the presence of carbon and indium together, within the silicon structure, promotes the 
formation of a complex defect Ins-Cs. This complex, in fact, relieves the stress that the 
separate species exert on the silicon lattice. The indium atom, being larger than the 
silicon, tends to produce a compressive strain, whilst the carbon has an opposite effect. 
When coupled the two defects tend to neutralise the effect of each other. Under these 
conditions, a new acceptor energy level was found due to the Ins-Cs dopant which is of 
0.111 eV above the valence band and much shallower than the 0.159 eV of the indium 
dopant [Bar*79, SzeSl],
We know that the electrical activation is a function of the exponential of the 
ionisation energy at a given arralysis temperature:
Ns=Noexp(-Ei/kT) (7.1)
where Ns is the canier density. No is the atomic density of the dopant within the 
layer, Ei is the energy level within the band gap, k is the Boltzmann’s constant and T  is 
the temperature in Kelvin degree.
To explain the electrical activation enhancement effect of the carbon, it is possible
to compare the results achieved from the indium single implant and the InC co-implarrt
experiments. Let us consider the co-implant with C/In ratio equal to 1. By fixing the 
temperature of the measurement (assumed to be room temperature of 15 °C in the 
laboratory where the measurements were performed), and assuming that No is the same 
in the two cases, the ratio between the caii'ier concentration in the two cases (for the 
same conditions of annealing) is:
Nsi/Ns2  -  exp A Ei/kT (7.2)
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Where AEi is the energy difference between the two energy levels considered. If the 
sheet caiTier concenti’ation of the indium single implant is measured, the use of equation
7.2 allows the estimation of the expected sheet carrier concenti’ation for the InC co­
implant. This value will be calculated as if the only paiameter affecting the activation is 
the position of the energy level within the band gap.
Table 7.1 summarises the results achieved using, for each annealing temperature, 
the annealing time which produces the highest electiical activation.
The results show that changing the energy level alone is not effective in justifying 
the data achieved.
For all the cases considered there are quite large discrepancies between measured 
and calculated values.
Annealing
Temperature
Sheet carrier concentration (holes/cm^)
A 
ln#01 
(In alone)
B
ln#03 
(In + C)
Ç
Expected value 
for IngCg dopant
D
Discrepancy
600 2.8e11 2.5e13 2.1012 +1090%
650 3.4e11 3.2013 2.5e12 +1140%
900 2.0012 6.7012 1.5e13 -55%
1000 2.0e12 2.8e12 1.5013 -80%
1100 2 .O0 I 2 1.6e12 1.5013 -90%
Table 7.1 Comparison of sheet carrier concentration for indium single implant 
with the values for the InC co-implant. In table aie reported the expected 
values for the co-implant achieved using the values for In#OI and calculating 
the In#03 (according to eq 7.2). The calculations are performed using 0.16 eV 
as acceptor level for the indium single implant and 0,11 eV for the InC co­
implant (Ins-Cs pair species electrical active). The measuiements temperature 
is 15 °C.
If the authors of the mentioned references for the energy values are correct, then we 
can conclude that definitely col B 7  ^col Ç. However, if an eiTor can be associated with 
the measurement of the values in col A and B and on the energy level the discrepancy 
may be smaller. It has, anyway to be pointed out that, for the lower annealing 
temperatures the activation achieved is much higher than that expected bom the simple 
calculation. The situation changes at the higher annealing temperatures, where the 
activation achieved is lower than the one expected. This implies that the discrepancy
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between col B and £  is positive for samples annealed at low temperatures and negative 
for samples annealed at high temperatures. Refening to eq 7.2, any uncertainties in the 
determination of the impurity energy levels, would affect the calculation through the 
parameter AEi. To reduce the positive discrepancy we should use larger values of AEi 
(obtained using the higher value achievable according to its uncertainty for the indium 
energy level, and the lower achievable according to its uncertainty for the IngCs) This, 
however, would enlarge the negative discrepancy obtained for samples annealed at 
higher temperature. The opposite effect would be obtained when using a smaller value 
for AEi. This consideration suggest that the discrepancies between expected and 
experimental values cannot be justified only in terms of any uncertainties in the 
determination of the impurity energy level. The results suggest, therefore, that the 
assumption of considering No constant (for the same annealing conditions) between the 
two sets of samples is not correct. Namely, the dopant density within the layer is not the 
same. Changing the nature of the dopant, therefore, not only affects the energy level but, 
also, the atomic dopant availability within the implanted layer. Selecting the annealing 
conditions at which the highest activation is achieved for the several implants, it is 
possible to depict the electrical behaviour of indium doped layers with the annealing 
conditions as a function of the carbon content. Fig. 7.1 shows the trends achieved.
The sheet resistance of the implanted layers decreases with increase in the carbon 
content. On the other hand the canier concentration increases which directly relates the 
electrical activation enhancement with the carbon content of the layer.
This achievement strongly supports the idea that the electrically active species 
within the layer is the complex Ins-Cs, whose concentration, obviously, increases with 
increasing the carbon concentr ation, in the explored range of dose.
It is useful to point out that the dose and energy used for the indium implants in this 
research work are effective in producing a distribution with a peak concentration that is 
about two orders of magnitude higher than the solid solubility reported in the literature. 
In fact, for indium the highest value has been reported by Solmi et al. to be l.SxlO’^cm'  ^
[Sol02].
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Indium is, therefore, expected to precipitate or cluster within the layer and in both 
cases not to be placed in substitutional lattice sites. Under these conditions, indium 
would not be available for ionisation and electrical conduction.
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Figure 7.1 Electrical behaviour ( (a) sheet resistance and (b) sheet carrier 
concentration) of the indium implanted layers at a fixed annealing condition 
(Ih at 650 °C) as a function o f the carbon content
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This consideration, together with the data of table 7.1, leads us to speculate that the 
enhancement in electiical activation is the result of two related factors:
i) The formation of the complex Ins-Cs changes the level in the 
bandgap
ii) Caibon promotes the integiation of the indium atoms within 
the silicon crystal by forming the complex Ins-Cs
We propose that the second of the two factors, affecting directly No in eq.7.1, is 
responsible for the discrepancies between the expected and the measured values of the 
sheet canier concentr ation reported in the table 7.1.
To verify this hypothesis, an evaluation of the substitutional fraction of indium in 
silicon in our samples is needed. Selecting, again, the annealing condition resulting in 
the highest electiical activation it is possible to depict the trend of the substitutionality of 
indium with the carbon content of the layer. This data is extracted from the RBS analysis 
(Fig.7.2 shows the results).
co-implants indium-carbon 
annealed 1 h at 650 °C100-,90-
80-
70-
60-
50-coI 40-
(0co 30-1
■§CO
2 0 -
0.0 0.5 1.0 1.5 2.0
Carbon content (ratio peak concentration C/In)
Figure 7.2 Substitutional fraction of the indium atoms in the implanted layers 
as a function of the carbon contents for annealing of Ih at 650 °C (from RBS 
data).
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It is clearly shown that increasing the ratio C/In in the doped layer allows the 
achievement of a higher degiee of substitutionality. Therefore this result confirms the 
idea that the enhancement of activation is not only due to an energy level factor, but to a 
structural factor too.
The increase in substitutional fraction, however, despite explaining why the No in eq
7.1 changes, is not sufficient to justify the enhancement of the electrical activation. In 
fact, if we consider the species with ratio C/In=l (which is the implant considered to 
perform the calculation in table 7.1) the increase in No due to this factor is just about 
five times. This, in turn, would bring the expected value of the sheet canier 
concenti’ation, in the case of the samples with highest activation (i.e. annealed at 650 °C) 
up to 1.3el3 that is, still, lower than the measured value (3.16el3).
Moreover, this structural factor by itself does not explain the trend of the 
discrepancies between expected and measured values. It would be easier to imagine that 
the increase in substitutional haction would have the same kind of effect in all cases. 
Instead it is clear that whilst indium, despite being almost totally de-activated (<1% of 
the implanted dose) at the annealing conditions used, tends to have a higher degree of 
electiical activation at the higher thermal budget, the co-implant InC exhibits an 
opposite behaviour.
It is possible to speculate that the presence of carbon within the layer, with its effect 
on the indium incorporation into the lattice allows the formation of a less defective 
crystal layer leading to a higher activated fraction of the dopant. This effect could be the 
missing factor to fully explain the enhancement in electrical activation of indium 
implanted layers in the presence of carbon. However it does not provide a justification 
for the observed trend in the discrepancies between the measured and the expected value 
of sheet earlier concentration.
Another approach to the problem comes from considerations about the errors that 
might affect the calculations of Tab.7.1. In this case the eiTors in the measurements of 
sheet caii’ier concentration and in the reported energy level have to be considered. In 
fact, we based our calculations on an energy level difference of 0.05 eV, and on a sheet 
caiTier concentration for the indium single implant of 3.4ell. We can calculate the effect 
of the error by reversing eq. 7.2 in the following form:
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AEi=ln[(Ns i/Ns2 )/S] W  (7.2b)
Wliere 5 is a paiameter that measures the effect of the substitutionality (in the case 
of ratio C/In=l, S=5, from RBS data). Considering an uncertainty of 10% for the 
measured values of Ns we find that the calculated value and the measured one are in 
good agi eement if the values of the energy level are affected by an uncertainty of at least 
0.01 eV, which is less than 10%. However it has to be noticed that Baron established the 
value of the energy level for Ins-Cs complexes from temperature dependent 
measurements of earner concentration, claiming a maximum uncertainty of 2% [Bar79]. 
The value of the energy level for indium in the literature is reported to be the 0.16 
[SzeSl] and 0.156 eV [Bar77]. This suggest a possible total uncertainty of less than 5%.
As previously mentioned, from the analysis of the electiical data achieved it is 
possible to detect a different behaviour of the activation versus the annealing conditions 
when comparing indium single implant only with the indium-carbon co-implant. In the 
first case the activation increases when using higher annealing temperatures or when 
coupling the RTA treatment to the low temperature annealing. In the second case using 
lower temperatures allows the attainment of a higher cairier density. Changing the 
dopant nature from In to Ins-Cs might result in changing its behaviour with respect to 
the thermal budget supplied.
In this case the effect of the thermal energy on the distribution and placement of the 
cai'bon atoms into the silicon crystal becomes a critical factor.
Carbon is a common impurity in silicon that preferentially sits in substitutional sites 
forming a complex with silicon interstitials Cs-Sii [Kal84]. Despite the very low solid 
solubility its precipitation does not occur easily because of the high surface energy of the 
SiC precipitates, which, when produced, provoke volume shrinkage [Tay93]. The 
complex of carbon with self interstitials is stable to temperatures up to 800-850 °C, At 
higher annealing temperatures the thermal energy supplied is high enough to allow the 
precipitation of SiC phases [Wer97]. De Souza et al found that when co-implanting 
carbon and boron, using annealing temperatures higher than 800 °C allows the layers to 
have an electrical activation lower than the single boron implant [Des93]. In our layers 
the substitutional carbon is stabilised by the presence of a neighbouring indium atom on 
a substitutional site; nevertheless the precipitation kinetics of the SiC can be very similar
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and can explain why at the higher annealing temperatures the expected value is higher 
than the measured ones. One would expect that breaking all the InC complexes results in 
No being the same for the same annealing temperatures for the In and InC implants. If 
this is the case the measured value should be the same as the expected. The precipitation 
of SiC phases, however, competes in creating a layer highly rich in defects. This, in turn, 
results in deactivating the dopant. And this effect is expected to be higher for the higher 
temperatures used. This, in fact, is observed in table 7.1. This effect, supposedly, should 
be higher the higher is the carbon concentration present in the layer and, therefore, the 
quantity of SiC precipitates that can be produced. That is, whilst at low annealing 
temperatures (when carbon has an enhancing effect on the electiical activation) we have 
achieved a trend for the sheet caiTier concentration increasing with increasing caibon 
content, for the higher annealing temperatures the opposite should be obtained (due to 
the increasing precipitates content within the layer).
Figure 7.3 shows the trend in sheet resistance and sheet earner concentration for 3 
different annealing conditions (isochronal anneals of 30 secs at 1000 and 1100 °C and 
300 secs at 1000 °C).
In effect the situation is slightly more complicated than expected. When using a 
temperature of 1000 °C a time of 300 secs is required in order to achieve a clear tiend of 
de-activation with the caibon content, whilst for an annealing time of 30 secs an 
enhancement of activation is observed. At 1100 °C the de-activation is noticed already !
for shorter annealing times.
It is possible to speculate that a kinetic factor, in this case, has to be considered. j
Namely, since increasing the caibon content within the layer increases the concentration |
of complexes, for a given annealing temperature, such as 1000 °C, a long annealing time j
will be needed in order to break down a reasonable number of complexes and shift the j
balance towaid the de-activation trend. At higher temperatures, such as 1100 °C, this i
effect happens in much shorter times. :j
Thus far the effect of carbon content on the retained dose has not been taken into |Iaccount since from the analysis of the data achieved it is not possible to observe a clear- j
trend. Moreover, since the change in retained dose is rather a statistical effect on our |
samples, any possible effect that this parameter can have on any observed trend has been I
!
!
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disregarded. The main information is that under annealing a dose loss ranging from 30% 
to 50 % has been observed, with an increasing loss with increasing thermal budget.
40000n —•  — 30 secs at 1000 °C 
—▼ 30 secs at 1100 °C
300 secs at 1000 °C35000-CT(02  30000-,co 25000-sc2 20000 -(A
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— 300 secs at 10001E13-
coIc0)ucou
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Figure 7.3 Trend o f the electrical de-activation for the In/C co-implant for 3 
different annealing conditions as a function of the carbon content o f the layer 
in teims of a) sheet resistance and b) sheet carrier concentration from Hall 
data.
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The dose loss is observed, especially in the case of the sample In#08 for which the 
statistics of the observation is wider, to get a maximum value of about 50%,
This value of dose loss observed is consistent with the value observed using SIMS 
analysis. Therefore, if we consider the activated fraction of the retained rather than of 
the implanted dose, it is possible to conclude that we obtained a maximum electiical 
activation of about 36% (implant In#08 annealed Ih at 650 °C).
Thus far, the segregation of pait of the dopant dose within the residual damaged 
area after annealing has not been considered.
In fact, according to SRIM2000 simulations, using the given specifications, the 
indium implant itself is able to create an amorphous layer whose thickness ranges 
between 50 and 70 nm. The depth of amorphization depends upon the displacement 
energy in silicon that, according to Sze, can range between 10 and 20 eV [Sze88],
This is consistent with the amoiphization thieshold that has been reported in 
literature being of about 2x10^ '*^  ions cm‘^  for ions of similar size and weight [Cro71], 
For indium, moreover, an amoiphisation threshold of 5x10^  ^ions cm'^has been reported 
[NodOO], which is still below the dose implanted in this research work.
When such an amoiphous layer is produced and annealed at low thermal budget it is 
well Icnown that a band of defects is produced in the position where the a/c interface 
occurred [Jon88]. If we compaie the TEM pictures (fig.5.25 and 5.26) and the SIMS 
spectra (fig.5.24) reported in the results chapter, it is possible to conclude that the dark 
band in the micrograph can be attributed to BOR damage. Indium accumulation and 
segregation in the damaged region produce the small kink in the SIMS spectra, which 
occurs at approximately the same depth. Similar results have been presented by Graoui 
et al in IIT2002, in which for implants producing a buried amorphous layer they find 
two kinks in the atomic profiles coiTesponding to the two previous a/c interfaces 
[Gra02],
This result is consistent, also, with the de-channelling peak found in the Si signal at 
a depth of about 70 nm, taken from RBS spectra for the In/C implants.
By compaiing, finally, the two TEM microgiaphs presented (fig. 5.25-5.26) it is 
possible to support the idea concerning the effect of the carbon co-implant in promoting 
the incorporation of indium within the silicon layer. That is the reason why, in fact.
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when carbon is present, for samples annealed under the same conditions, we observe far 
less residual defects in the layer. Those defects, observed especially for the indium 
single implant, that aie mainly placed at the peak position of the indium distribution can 
be reasonably attributed to “class V” defects, according to Jones classification [Jon88]. 
This class of defects is mainly constituted by precipitates of the dopant species in the 
region with highest concenti’ation (peak position).
We can summarise the discussion of the results we have presented thus far with the 
following bullets point list:
• Indium single implants have low electiical activation, in agreement 
with the literature.
• Nitrogen has a detrimental effect due to its effect on the re-gi’owth rate 
of silicon.
• Carbon has an enhancing effect on indium electrical activation. This 
effect has been explained in terms of three factors:
i) Change of the energy level within the band gap.
ii) Higher degree of indium integration in the silicon lattice.
iii) Better quality of the re-grown crystal surrounding the 
dopant.
• The different behaviour of the electiical activation as a function of the 
annealing temperature has been explained in teims of evolution 
chaiacteristics of the carbon content within the layer.
7.2.2 Implants in pre-amorohised silicon
When using a pre-amorphising implant with the given specifications (see sec. 4.1.1) 
it is possible to achieve an amoiphous layer of thickness about 1 pm. The RBS spectra 
show clearly the presence of this amorphous layer whose measured thickness is in 
agreement with the range provided by SRIM2000 calculations. Moreover for the 
annealed samples there is no clear* de-channelling signal at the same channel of the non- 
pre-amorphised samples. A stronger de-channelling signal is present in a much deeper 
position, at approximately the same depth as the a/c interface.
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According to SRIM2000 simulations the indium distribution is expected to be 
completely embedded in the amoiphous layer. Thus no channelling should occur. 
Moreover, after re-growth of the layer at low temperature no segregation should be 
obtained in the EOR defects aiea since the defect band is set far apart from the dopant 
distribution.
The pre-amoiphisation tieatment should have an effect not only in the as-implanted 
distr ibution (due to the avoidance of the channelling) but also on the dopant distribution 
after annealing. In fact, as reported in the literature using the given amorphisation 
specifications (sec. 4.1.1) produces an as-implanted distribution of radiation damage 
having a richer concentration of vacancies close to the surface, whilst towards the end of 
the amoiphous layer a region rich in interstitials will be created. This damage separation 
has been proved to affect the diffusion features for boron implants [ShaOl].
This situation does not affect, in a cleai" way, the electrical characteristics of the 
indium single implant specimens. Unfortunately, for this implant, annealing at very high 
temperatures has not been performed. However, when temperatures as low as 650 °C are 
used the electrical activation increases by about one order of magnitude. A similar* effect 
of the pre-amorphisation on the electrical properties of BF2 implants has been reported 
in several publications [Ozt88, Hon99]. In these cases when annealing is performed at 
temperatures lower than 950 °C a decrease of the sheet resistance is observed for 
samples implanted into pre-amorphised silicon. According to Hong et al. a higher* degree 
of incorporation of the dopant in substitutional sites during the SPE r*e-gr*owth is 
responsible for the improved activation at low temperatures. When increasing the 
annealing temperatures the evolution of the defects in the EOR band is responsible for 
the de-activation of the layer* [Hon91].
The RBS data achieved in our experiment supports this idea showing clearly that, 
when pre-amorphisation for* indium single implant is used, an increase of the indium 
substitutional fraction from 10% up to 20% is observed.
An increase of the dose retained after annealing is, moreover, observed when pre- 
amporphisation is performed. It is possible to speculate that the mechanism of 
incorporation of indium in substitutional sites makes it less available for diffusion and 
out-gassing. This can be especially tr ue when it is considered that indium is supposed to
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diffuse via an interstitial mechanism [Ant82], and, for the given pre-amorphising 
implant conditions, the indium distribution is supposed to be contained in a vacancy-rich 
layer.
The increase of the retained dose is, in fact, more evident for annealing performed at 
lower thermal budget. This behaviour is a clue in support of what has just been stated, 
because when using a higher thermal budget, a higher and faster flow of interstitials 
from the EOR damaged area towards the surface of the wafer is expected. This can lead 
to a higher degree of indium diffusion, via kick-out mechanism, with a higher chance of 
dose loss. Moreover, the occunence of kick-out events at higher thermal budgets, that 
negates the previously discussed advantage produced by the pre-amorphising implant, 
can explain the decrease in difference of electrical activation between implants in a-Si 
and c-Si when higher annealing temperatures ar e used.
Another factor, furthermore, affects the electrical activation of the implanted layer 
producing a further difference between implants in c-Si and in a-Si.
As already discussed, the implantation of indium itself is effective in producing j
amorphisation of the silicon layer. However, the thickness of the amorphous layer 
produced plays an important role. In fact in the case of the single implant the amorphous 
layer is about 70 nm, which means that, after SPE at low temperature, a band of EOR !
defects will be formed in the proximity of the peak. And, in fact, segregation of dopant j
in this area has been reported (see previous section). Therefore, since in the implants 
performed in pre-amorphised silicon the EOR defects are placed much deeper than the 
atomic distribution, we expect to have no dopant segregation for implants performed in 
a-Si.
This effect is particularly evident for the InC co-implant in which case, by 
comparison with the c-Si implant, a decrease in the substitutional fraction is observed.
This value ranges from 30% up to 70% for annealed specimens of the implant sample 
In#08 (C/In=2 in c-Si) and 30-45% for the implant In# 10 (C/In=2 in a-Si) respectively.
The situation, in effect, is slightly more complicated. It has to be considered that, as 
previously mentioned, the retained dose, for implants performed in a-Si, is higher.
Combining the information about the retained dose and the substitutional fraction it is
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possible to achieve an estimation of the absolute value of the substitutional dose after 
annealing. Table 7.2 shows the calculations performed.
T(°C) 650 750 900 1000
T(s) 3600 600 5 10 60 5 r œ
Sample
ln#01 5.7e13 6 .6 0 I2 2013
ln#08 1.9e14 1.6e14 0.8014
ln#09 9.2e13 1e14 9.0e13 7.9013
ln#10 1.7e14 1.8e14 1.6e14 1.4e14
ln#11 3.1814 1.7e14 1 2 .2 0 I41 1.5014
ln#12 2e14 3e14 2.2e14 1.2014
Table 7.2 Comparison of calculated values of substitutional dose after 
annealing (retained dose x substitutional fraction) between In and In/C co­
implants in c-Si and a-Si.
It has to be pointed out that, due to the uncertainties in the RBS measurements and 
to the eri'or propagation in the calculations, these numbers are affected by an uncertainty 
of about 30%. Therefore a lot of care has to be placed when considering any trend 
achieved in this way.
A consistent difference in substitutional dose is observed when comparing indium 
single implant in c-Si (In#01) and a-Si (In#09). The same observation cannot be made 
for the InC co-implants, whose substitutional dose is higher than the one observed for 
the indium single implant.
In this case the effect of the carbon in increasing the incorporation of indium in 
substitutional sites is so laige that any further effect due to the amorphisation is 
negligible. In fact despite the retained dose increasing for implants in a-Si, the 
substitutional fraction tends to decrease in order to keep fairly constant the substitutional 
dose incoiporated within the silicon layer, which is (within the 30% of experimental 
uncertainty) about l-2el4 for all the cases.
Figure 7.4 graphically explains what has just been stated. All the values of 
substitutional dose for In/C co-implants in a-Si and c-Si are included in the same 
uncertainty band around the value l-2el4.
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Figure 7.4 Graphie comparison of the substitutional dose (retained dose x 
substitutional fraction) for InC co-implants in c-Si (In#08) and a-Si (In# 10- 
11-12). The four different points represent different annealing conditions.
Namely for ln#08 is: (■) 1 h at 650 °C, ( • )  1 s at 900 °C, (►) 60 s at 900 °C,
(-4 ) 1 sat 1000 °C. For ln#10-l 1-12 is: (■) 600 s at 750 °C, ( • )  5 s at 900 °C,
(► ) 10 s at 900 °C, (*4) 5 s at 1000 °C.
Since a fairly clear reduction in sheet resistance is observed when using pre- 
amorphisation for the InC co-implants (psmin~650 Ohm/sq for In# 10 whilst 
psmin~2000 Ohm/sq for In#08) this effect cannot be explained exclusively in terms of 
an increase of the substitutional fraction. This reduction, hence, has to be related to the 
absence of damaged area in the proximity of the peak. This allows indium atoms placed 
in substitutional sites to be effectively active in comparison with substitutional indium 
atoms embedded in a highly damaged crystal environment.
The effect of the deeper carbon distribution present in the implants ln#l 1 and In# 12 
is not clear. These samples were implanted in an attempt to replicate the same kind of 
effect that carbon has shown to have versus the boron TED, due to its effect as a trap for 
interstitials [NapOl].
Unfortunately, no information is available for the indium atomic distribution for the 
specimens of this implant after annealing. Therefore we cannot conclude anything 
related with the effect of the deeper carbon layer on the indium diffusion. A decrease of 
the retained dose, especially at the higher annealing temperatures, is observed. This
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seems quite suiprising because the opposite would be expected if the species diffuse via 
interstitials.
The deeper carbon layer has almost negligible effect on the electiical properties of 
the indium implanted layer. The dose implanted is high enough to create, according to 
SRIM2000 simulations, a distiibution with peak concentration of about 2x10^^ at/cm^, 
however the peak of this distribution is set apait from the indium peak distribution. At 
that depth the caibon concentration is such that the ratio C/In is about 0.1. This
consideration confirms our results which show that the enhancement of the electrical
activation of the indium implant is encouraged by the close interaction between carbon 
and indium atoms, which happens only when the atoms aie placed in the same region.
In this section we have presented and discussed the results obtained for indium and 
indium/carbon implants in a-Si. The main points can be summaiised as follows:
• The effect of the pre-amoiphisation is quite evident in the case of 
indium single implant. The enhancement of the electrical activation is 
supposed to be due to the avoidance of the formation of an EOR 
defects band within the atomic distribution of the dopant.
• When carbon is present the effect of pre-amorphisation is not so 
clear. It is aigued that the effect of the carbon content is aheady large 
enough to anive to a limit in the incoiporation of the indium atoms
within the layer (substitutional dose) which does not change when
pre-amoiphisation is performed.
• There is no evidence about the effect of the deeper caibon distiibution 
on the atomic redistribution of the dopant under annealing. Although 
it is noted, differently than reported in the literature, that caibon can 
promotes the indium electiical activation only when it is placed in the 
same region of the indium distiibution. It can be aigued that only the 
fraction of the carbon distribution underneath the indium peak is 
effective in enhancing the indium electrical activation.
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7.3 Gallium Implants
7.3.1 Gallium Implants on c-Si
Gallium electrical properties in silicon have been extensively studied as a function 
of the annealing conditions. From the analysis of the electrical data achieved it is 
suggested that it behaves similaiiy to the one exhibited by the structure Ins-Cs. A 
deactivation trend when increasing the annealing temperature is observed. However, in 
the In/C system the electrical trend is tightly linked to the evolution of the carbon 
species within the layer. In this case, since there is no interference of any other species, 
the gallium alone is responsible for the electrical properties.
By comparing the sheet canier concentration with the implanted dose it is possible 
to achieve an estimation of the electrical activation of the implanted layer. The 
difference between indium and gallium single implants is quite maiked. Whilst the 
indium presents a very low electrical activation (<1%) and is more activated at higher 
annealing temperatures the gallium single implant presents higher activation at lower 
annealing temperatures (such as 600 °C) and its activation is extiemely high (>90%).
This different behaviour can be explained by means of three factors:
1) Gallium is a much shallower level (0.072 eV [SzeSl], 0.065 eV 
[Bie96]) than indium in the bandgap.
2) The size of the species is smaller compared to indium, making of 
it a more suitable species to sit in substitutional sites within the 
silicon layer,
3) The resulting shucture produces a layer with a lower degiee of 
residual damage (such as precipitates) and lower stress.
Refeii'ing to equation 7.2 it is possible to estimate the effect of the energy level on 
the electrical properties. Performing the calculations it is possible to speculate that the 
electiical activation of the gallium implant (keeping constant No) should be 34 times the 
indium activation. In effect No cannot be considered constant since the dose implanted in 
the case of the gallium implant is 18% higher than the indium dose. However, even if
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this other contiibution is considered the total ratio between gallium and indium 
activation should rise by 41, but this value is not in agreement with the measured one.
Therefore an effect on No is likely due to the second of the two factors stated 
previously. A possible way to estimate this effect is by calculating the stress induced by 
the presence of the impurity within the silicon layer. In order to perform such a 
calculation it is possible to use the, following reported, well-established equation 
[Sze88]:
S=(/3CE)/(1-V) (7.3)
Where p  is the lattice contraction constant reflecting the degree of distortion 
intioduced by the impurity (depending upon the nature of the impurity), C is the 
impurity concentration, E is the Young’s modulus (10,890 Kg/mm^) and V is the 
Poisson’s ratio (0.42). p  has the dimension of a volume (cmVatom). In the following we 
assume that this factor is somehow proportional to the contraction due to the different 
volume occupied by the species within the layer. So we will evaluate p  as follows:
(7.4)
The volume occupied by the species is considered the volume of a sphere having 
radius equal to the atomic radius of the considered species. The considered equation is 
consistent. In fact considering as an exbaneous species a silicon atom, P will be zero and 
the resulting stress will be zero too, as we would expect for silicon atoms in silicon. The 
atomic radius for the considered species are, according to the data reported in the 
literature, (in A): Si 0.118, In 0.163, Ga 0.123 [Sil88]. It is, therefore, possible through 
the equations 7.3 and 7.4 to evaluate the stress related to the presence of gallium and 
indium within the layer. In order to perform the calculation it is required to know the 
atomic concentrations of the dopant species. We can assume that the most effective pait 
of the implanted distribution in producing caiiiers is the peak. We shall consider, 
therefore, in what follows the peak concentration of the species. For the case of gallium 
in silicon, at the annealing conditions effective to achieve the highest electiical 
activation (10 secs at 600 °C) the SIMS analysis reported in fig 6.3 provides a peak 
concenti'ation of 2x10^° at cm" .^ In the indium case, since for indium single implant the 
highest activation is achieved for annealing of 5 secs at 1100 °C, and for those 
conditions neither RBS nor SIMS analyses are available we can try a rough estimation
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of the atomic concentration. As shown by RBS and SIMS analyses, for all the indium, 
single or carbon co-implanted specimens, the retained dose tends to decrease with the 
annealing conditions reaching a level of about 50% for the highest thermal budget. It is 
possible to reasonably assume that the retained dose in this case does not exceed 50% 
with a peak concentration that should not exceed 1x10^  ^atom cm'^.
Once, therefore, the values of atomic radius for silicon, indium and gallium and the 
peak concenti’ation for gallium are known, and the peak concentration for indium is 
reasonably estimated, it is possible to carry on the calculations and to evaluate the stress 
produced by the dopant species in silicon in our cases. The results aie summaiised in the 
following table:
Dopant species p(cm^/atom) Stress (kg/mm^)
In (5 secs at 1100 °C) Ï.88XÏ0-2® 3.53x10"*
Ga (10 secs at 650 °C) 0.17x10'^® 6.29x10‘®
Table 7.3 Lattice contraction constant and stress induced by the presence of 
indium and gallium in silicon.
Once the value of the stress induced in the crystal by the presence of the dopant 
species is laiown, it is possible to observe that the presence of indium at the given 
concentration produce a stress that is 5.6 times higher than that induced by the presence 
of gallium. It is possible to speculate that this parameter can quantify the effect of the 
second and third factors considered affecting the difference in electrical activation 
between indium and gallium. It is, therefore, possible to speculate that the No for the 
gallium specimen should be 5.6 times the No for indium. Including this factor into our 
calculations it is possible to achieve an expected electrical activation for the gallium 
implant that is in fairly good agreement with the experimental data. Table 7.4 
summarises the results of the calculations performed.
It can be observed that, when all the possible par ameters enhancing the electrical 
activation of gallium with respect to the indium implants (namely the shallower energy 
level in the bandgap, the stress effect on the substitutionality and on the re-grown 
crystal) aie considered, the expected value (5.9xlO'^ h/cm^) is in a good agieement with 
the measured one (6.1x10^^  ^ h/cm^). This consideration supports the consistency of the 
data achieved.
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In maximum 
activation (%)
Ga expected maximum 
activation (%)
Factors affecting 
gallium activation
0.3 13.2
Shallower energy level
(NoGa—Noln)
0.3 15.6
Shallower energy level 
and higher dose
(NoGa=1.18*No,n)
0.3 87
Shallower energy level, 
higher dose, 
crystallographic effect 
(NoGa=1.18*5.6*Ndn)
Table 7.4 Calculated expected values of maximum electrical activation for 
gallium implants in comparison to the indium maximum observed electrical 
activation. The three values represent the 3 levels of approximation to model 
the calculations. The measured value of maximum electrical activation for the 
gallium implants in c-Si is about 90%.
Moreover it justifies the compaiison between the electrical data of the two different 
dopant species once the conect energy and crystallographic considerations aie 
performed.
By compaiing the canier and the atomic profile for gallium implanted specimens 
annealed for 10 s at 600 °C (see chapter 6, figg.6.2 and 6.3), it is possible to notice that 
at the peak the caii'ier concentration (1x10^^ h/cm^) is lower compared to the atomic 
concentration (2x10^° at/cm^). Moreover at the peak position (about 40 nm) a kink in the 
atomic profile is clearly evident. This feature can be produced by two different 
phenomena. It might be precipitation of gallium due to the concentration being higher 
than the solid solubility, for which the higher value found in the literature was 8x10^  ^
at/cm^ [Mog92]. The second possibility is that the kink is produced by the presence of 
gallium segregated in a damaged area. Regarding the first option, the precipitation of 
gallium is reported in the literature to occur for annealing temperatures higher than 600 
°C [Mog93,Par97,Mat87]. Regaiding the second of the two possible explanations, it has 
to be verified that such a damaged area is present in order to justify the segregation of 
the dopant to it.
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Since there is no RBS or TEM evidence supporting this hypothesis for this set of 
samples, another approach is needed. We shall refer to simulations and compaiison with 
the indium behaviour to assess conectly the nature of the kink present in the SIMS 
spectium.
Refeii'ing to the SRIM2000 calculations it is possible to show that implanting 
gallium at the given energy and dose produces an amoi-phous layer. The amorphous 
thickness resulting, as in the case of the calculations performed for the indium implants, 
depends upon the displacement energy used. Figure 7.5 presents the output of 
SRIM2000 simulations in terms of the thickness of the amoiphous layer as a function of 
the displacement energy used (between 10 and 20 eV according to ref [Sze88]).
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Figure 7.5 SRIM2000 calculation of the thickness of the amorphous layer 
produced by gallium implantation at 54 keV 6.8x10*'  ^Ga  ^cm^
The calculated thickness is clearly decreasing with increasing value of displacement 
energy used in the simulation. The thickness of 40 nm, which is the position of the kink 
found in SIMS, is not achieved, though, unless a displacement energy value is used 
which is not in the expected range. This discrepancy can be, paitially, explained 
considering that the nature of the SRIM simulation code is such that the target is
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considered already amorphous. This can lead to a miscalculation of the scattering event 
leading to an incorrect final vacancy distribution (which is the parameter used to 
evaluate the thickness of the amorphous layer produced).
Moreover, in the literature is reported, for species of similar weight and size, an 
amorphization threshold of about 2x10'“^ ions cm " [Cro71]. Thus, the creation of an 
amorphous layer as a consequence of the gallium implant, at the given specifications, is 
fully plausible. As already stated in the case of the indium implant, the amorphous layer 
so produced, under the given annealing conditions, would re-grow leaving an area rich 
in defects at the original position of the a/c interface (EOR defects).
Comparing the simulated atomic distribution by SR1M2000 and experimental data 
by SIMS data (fig. 7.6) it is possible to observe some discrepancies.
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Figure 7.6 Comparison of the atomic distributions achieved for gallium 
implant at 54 keV 6.8xlO'^ ion/cnf in c-Si, by SR1M2000 and SIMS data.
Mainly the real peak position is not exactly the one expected, and, secondly, the 
SIMS profile shows a much pronounced tail. These two differences arise because 
SR1M2000 assumes the target is amorphous. This leads to a slightly shallower 
distribution. Moreover, an amorphous layer would prevent channelling. Therefore it is 
possible to conclude that it is not correct to assume that the amorphising effect of 
implantation of species as large as gallium results in negligible channelling effects.
It is possible to summarise the discussion of the section as follows:
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• Gallium has a much higher degi*ee of electrical activation compared to 
indium. This result is discussed to be due mainly to two factors, a 
shallower dopant level within the bandgap compared to indium, a 
lower degree of stress induced to the silicon structure by the presence 
of the foreign species.
• The implantation of gallium is supposed to amorphise the substrate, 
although the thickness of the amotphised layer produced calculated by 
SRIM does not agree with the SIMS spectra achieved. The former a/c 
interface is supposed to be the position of a EOR defects band, that is 
formed under low temperature annealing. This band is discussed to be 
the reason of the kink in the SIMS spectra, which is supposed to be 
due to dopant segregation.
• Although the implantation specification used are able to form an 
amorphous layer, to disregard channelling effects for the fraction of 
the dose implanted before the amorphisation threshold can lead to a 
underestimation of the position of the junction.
7.3.2 Gallium Implants on a-Si 
Performing gallium implantation in a-Si, rather than c-Si, is expected, therefore, to 
be effective in reducing channelling, allowing the achievement of shallower 
distributions, and to avoid segregation of the dopant during the re-giowth of the layer, 
provided that the amorphous layer is thick enough to contain all the implanted gallium 
distribution.
As observed from the electrical data (fig.6.1) reported in the experimental results 
chapter (ch.6) gallium tends to be deactivated with increasing the thermal budget 
supplied. This achievement is in perfect agreement with the data previously published 
[Mog93,Mat87]. Therefore, to avoid long annealing time or high temperature treatment, 
a pre-amorphising implant with Ge^ 190 keV 2xl0'^ was performed. According to these 
implantation specifications a continuous amorphous layer 200 nm thick is expected to be 
produced.
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When compaiing the as-implanted distributions for the same gallium specifications 
in a-Si and c-Si (from SIMS data respectively figures 6.5 and 6.6) the reduction in the 
tail of the implant is cleaiiy evident, suggesting the absence of any channelling when 
implanting into pre-amoiphised silicon. Moreover, figure 6.5 presents the SIMS spectra 
for the specimens annealed under the conditions which will produce the highest 
electrical activation. Despite the peak concentration being nearly the same (2x10^° 
at/cm^) in both cases (a-Si and c-Si), and the annealing being performed at low 
temperature (quite similar' to the temperature used in the c-Si case) no kink at 40 nm is 
observed in the case of the implant performed in a-Si. This evidence strongly supports 
the idea tliat the kink observed in the c-Si case is not due to precipitation, otherwise it 
would be observed in the a-Si case too. It is most likely due to dopant segregation within 
the EOR damage layer. In fact, in the case of implants into a-Si the EOR defects are 
expected to form at a much deeper position (about 200 nm), with no chance of dopant 
segregation during the annealing tr eatment.
This conclusion, in turn, supports the same considerations we proposed for the 
indium implant in which case, though, we had no SIMS evidence for the implant 
performed into a-Si (section 7.2.1).
The effect in reducing channelling is evident not only in the atomic distribution of 
the dopant but in its electrical profile too. In fact, by comparing the DHM analyses 
performed for the samples at the highest electrical activation achieved in the case of 
implant into c-Si and a-Si (figg. 6.2 and 6.4) it is possible to estimate a junction depth (at 
a dopant concentration of 10*^  holes/cm^). The position of the electrical junction is 
reduced from 140 nm (c-Si case) to approximately 110 nm (a-Si case).
The effect of the pre-amorphising implant has not only an atomic effect, but also it 
affects the electrical properties of the implanted layer too, leading towards a higher 
electrical activation with a lower resistance. This effect has been reported in the 
literature for boron. In that case the activation curves tend to be different than in the case 
of implants into crystalline silicon. As a possible explanation for this behaviour a kinetic 
factor in the deactivation process and a better quality of the re-grown crystal have been 
proposed [Hon91,Osb96]. In our case the lowering of the sheet resistance can be due not 
only to these two above mentioned effects, but also to the avoided segregation of the
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dopant in the EOR band. Thus the amount of dopant atoms available for ionisation will 
be larger (bringing to a value of No higher than in the case of implants into c-Si). These 
combined effects produce a strong reduction, for similar- annealing conditions, of the 
sheet resistance of the layers, (see table 7.5, which summarises the electrical data 
achieved).
As mentioned, the decrease in resistance is accompanied by an, expected, increase 
in cari'ier density. The actual measured value of the sheet carrier concentration for the 
sample with the highest electrical activation leads to a clearly incorrect result (table 6.4). 
In fact, observing the data reported in table 6.4 we achieve a density of carriers 
(9.2x10^" )^ higher than the atomic density of the dopant within the layer (6.8x10 '^^). This 
apparently surprising result is due to the assumption that the Hall scattering factor (in 
eq.3.2.8) equals 1. It is, in fact, reported that for highly p-type doped silicon layers this 
factor can be sensibly lower than unity [Pol97]. For gallium a value of 0.7 has been 
reported to be closer to the real value for high dopant concentr ation [Pai'97]. Using this 
value the percentage of electrical activation drops to a more reasonable value (95%).
Annealing Conditions 
t(s)atTCC)
Ps(Ohm /sq)
c-Si a-Si
60 at 650 682 423
600 at 650 1507 536
1800 at 650 1604 676
600 at 600 875 (extrapolated) 446
1800 at 600 950 558
Table 7.5 Comparison of sheet resistance value achieved for similar annealing 
conditions for gallium implants (54 keV 6.8x10 '^* Ga  ^cin performed on c-Si 
and a-Si. The value for c-Si annealed 600 s at 600 °C is extrapolated from the 
activation curve (fig 6.1) since that sample has not been prepared.
This value of electrical activation achieved for the implants, both in c-Si and a-Si, 
are consistent with a dose retention following annealing of about 100%. And this is 
observed using the SIMS measurements as well. This is quite a novel achievement since 
for gallium, problems of out-gassing during annealing are reported [Jon98]. The main 
reason that can explain the almost total retention of the dose can be the fact that the
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thermal budget supplied in our treatment is very limited, since the samples with highest 
activation aie those with very short annealing times at low temperatures.
It is possible to summarise the discussion of this section as follows:
• The use of pre-amoiphisation lead to layer with even higher electiical 
activation. The increase in electiical activation is aigued to be due 
mainly to the avoidance of the dopant segiegation within the EOR 
defects band.
• The value of the caiiier density, higher than the implanted dose, is 
argued to be due to the assumption of rH=l, that produces an 
overestimation of the carrier concentration. Using values reported in 
the literature for the scattering factor allows the attainment of lower 
values of caiiier concentration, closer to the 100% of the implanted 
dose.
• The absence of significant dose loss (dose retained close to 100% 
estimated using SIMS analysis) differently than reported in the 
literature is aigued to be due to the very small thermal budget supplied 
under annealing.
7.3.3 Shallow Gallium Implants on a-SI
From what is reported thus far, the use of gallium implantation in silicon seems a 
promising way to achieve ultm-shallow, highly doped, low resistivity S/D extensions, 
especially when the implants are perfoimed into a-Si.
In order to achieve shallow layers the first paiameter that has to be reduced is the 
ion energy. To pursue this aim, a set of implants at 10 keV has been performed. 
SRIM2000 simulations suggest distiibutions with a projected range of 12 nm.
It is well known that, when reducing the depth of the junction an increase in sheet 
resistance is expected according to the following equation [Jon98]:
Rs=[Pq(MpP(x) +liinn(x))dx]'  ^ (7.4)
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Where q is the electronic charge, (i is the canier mobility (the subscript n or p 
specifies the nature of the carrier) and p(x) and n(x) are the carrier concentrations. To 
avoid an increase in resistivity, the carrier concentration, or the mobility, has to increase.
Table 7.6 allows a direct comparison of the sheet resistance data achieved for 
implants at 54 keV and at 10 keV.
Sample 
Energy (keV) 
Dose (cm'^ ) 
Anneal (s/°C)
Ga#02 
54 
6.8x1 
60 8 at 650 °C
Ga#03
10
2.0x10^^
30 s at 650 °C
Ga#04 
10 
2.3x1 O^'*
30 s at 650 °C
Ga#05
10
2.0x10’®
30 s at 650 °C
Resistivity
(Ohm/sq) 423 3250 760 536
Table 7.6 Comparison of sheet resistivities for 54 kV and 10 keV gallium implants into a-Si.
The Ga#02 data comes from a sample with a longer annealing time. However, the 
nature of the activation process in gallium (with the deactivation trend with increasing 
thermal budget) makes us confident that a shorter annealing time would reduce its sheet 
resistance value. Therefore it is possible to conclude that an increase of the sheet 
resistance is observed when reducing the junction depth. To achieve a value that is 
compar able to one of the deeper implants, the dose in the case of the shallower implants 
has to be twice as large as for the case of the implant performed at 54 keV.
It has been possible to profile this set of samples using spreading resistance profile 
measurements (SRP). The results, presented in chapter 6 (figures 6.6-6.8), show that it is 
possible to achieve layers as shallow as 40 nm with a sheet resistance of about 500 
Ohm/sq. As noticed in the results chapter, however, the SRP data, regarding the carrfer 
density into the implanted layer, is not in full agreement with the Hall data, which 
provides values that are about one order of magnitude higher. Even introducing the 
collection of the reduced value of the Hall scattering factor does not eliminate this 
discrepancy. This apparent inconsistency of the electrical data can be understood 
knowing that SRP measurements rely on assumed values of the carrier mobility (taken 
as the bulk mobility) to calculate the carrier density. If the mobility values are not 
conect, the carrier concentration calculated is, therefore, also not coiTect. A similar case 
is actually reported in the literature, showing a compaiison between SRP and DHM 
[Foa97]. The mobility value assumed is not conect at the surface because of the high
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dopant concentration whilst it is much closer to the real situation in the tail of the 
distribution, where the concentration of the dopant drops significantly, affecting much 
less the caiiier mobility. Therefore the peak concentiation is often underestimated by 
SRP whilst a higher degree of accuracy is expected in the tail of the distribution. 
Therefore we conclude that the coiTect sheet caiTier concentiation is the one provided by 
our Hall effect measurement. We, also, consider that the information about the electiical 
junction of the implanted layer, coming from the tail of the distribution measured 
through SRP is also correct.
It is possible to summarise the discussion of the section with the following bullet 
points:
• Using low energy implants results in shallower distributions. When 
achieving a similar- peak concentration the sheet resistance increases.
This is in agreement with the theory. It is discussed that to achieve 
again the same level of resistivity a dose almost an order of magnitude 
lar ger has to be used.
• Using SRP allows the attainment of the profile tail, but it 
underestimates the peak concentration. This effect is likely to be due 
to the inconect carrier mobility values assumed during the SRP 
analysis.
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C hapter  Eight
&  C o n c l u s io n s  AND F u t u r e  W o r k
The aim of this thesis is to explore new ways to produce ultia-shallow junctions 
with an acceptable level for the value of the resistivity, according to the requirements 
stated in the ITRS edited by SIA. To pursue this goal we investigated the use of indium 
and gallium as p-type dopants to replace boron in the future CMOS technology.
Indium and gallium were implanted in both crystalline and pre-amorphised silicon. 
The influence of the carbon concentiation in the indium doped layer was studied by co- 
implanting different doses of caiton for a given indium dose.
A detailed study was performed to investigate the effect of the thermal annealing 
budget on the characteristics of the implanted layers after annealing.
The electiical characterisation was achieved using the Van der Pauw method to 
perform sheet resistance and Hall effect measurements, to provide information on the 
electrical activation achievable. SRP was performed, in some instances, to achieve more 
information on the electiical profile of the species.
The structural characterisation of the specimens was achieved using RBS (to 
achieve information about the retained dose and the substitutional fraction), SIMS (to 
obtain information on the atomic distribution of the dopant within the implanted layer) 
and TEM (to characterise the crystal structure of the layer after annealing) on a selected 
set of samples.
The main achievements are summarised in the following sections.
8.1 Indium activation
A lai'ge amount of work has been done to produce and justify experimental data and 
relate this to published data. At the end of this work we cannot affirm we have been able 
to produce ultia-shallow highly activated junctions by means of indium implantation in 
silicon. Nevertheless we can comfortably assert that we have deeply and fully
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investigated the effect of different annealing conditions on high dose indium implants. 
Moreover the same kind of study has been performed on the effect that carbon, as a co­
implanted species, presents both in the electrical and structural properties of the 
produced materials. Furthermore, the way the structural properties themselves affect the 
electiical properties of the layers has been investigated. All data has been compared with 
the literature to give a clear understanding of the physical processes occuning and 
produce a reliable model suitable to explain the level of the electrical activation achieved 
for the samples produced. The achievements can be summarised as follows.
Concerning the production of ultra-shallow junctions, which are highly doped and 
have a low resistance, the use of indium is not a promising way forward. Due to its deep 
level at the required concentrations to produce source and drain extensions its electrical 
activation is very poor (<1%). Nevertheless a detailed study can be carried out on the 
mechanisms that control its electiical properties, particularly the stress that the species 
produces within the silicon layers. In fact, using carbon as a co-implanted species not 
only changes the level within the band gap but also produces a larger degree of 
incorporation in the crystal lattice. This particular* behaviour is related to the 
mechanisms of stress relief that the carbon species exercises on the indium. Carbon 
shows a double effect on the electiical activation of indium according to the annealing 
conditions. When using low annealing temperatures the presence of carbon enhances 
indium activation, when using high annealing temperatures, instead, an opposite effect is 
observed. This dual behaviour is due to the effect on the formation and destruction of the 
carbon-indium substitutional complex associated with the annealing conditions and to 
the further evolution of carbon within the silicon layer.
Regarding the use of pre-amorphization it has been noticed that a decrease of the 
sheet resistance of the indium implanted layer occurs, most likely due to the inhibition of 
dopant segregation within the EOR defects. The studies carried out on pre-amoiphised 
samples allowed us to achieve a further clue to the effect of carbon in indium activation. 
It has been shown, in fact, that only an intimate mixing of the two distributions allows 
carbon to affect the indium electrical properties.
It has to be observed, anyway, that using carbon at the high concentrations used in 
this reseai’ch work is not a viable way to succeed in producing ultra-shallow junctions.
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since it is well known that carbon affects negatively the properties of devices leading to 
leakage cuiTents. Nevertheless, the detailed knowledge of the activation mechanisms is a 
necessar y step in order to study further ways of using indium.
An important tool that has not been used in our work is laser annealing. In fact, it is 
reported that when this treatment is used to perform the annealing of the implanted 
layers, a higher degree of substitutionality of the indium atoms after annealing can be 
achieved.
Another approach that has not been considered in this work is the implantation of 
the indium in the presence of boron. In fact, since the size of boron is compar able to 
carbon, the use of boron as a co-implanted species might lead to the same kind of effect 
on the electrical properties of indium. Moreover boron is a p-type dopant, commonly 
used in silicon technology. Using it, hence, should not lead to any technological problem 
(such as current leakage) in the devices created. Furthermore, the use of boron and 
indium together could allow us to use lower doses of both, since the dopant electiical 
activity should add up, giving the chance to control and limit at the same time the 
diffusion behaviour of boron and the de-activation process of indium.
A further possible object of investigation is the implantation of indium in SiGe 
alloys rather than pure silicon. These alloys, in fact, are strained materials with lattice 
parameters and band gap values different from pure silicon. These material 
characteristics might lead to a higher value of indium electrical activation, without any 
need for co-implanted species.
8.2 Gallium activation
The work car ried out on gallium implanted layers has been shorter in terms of time 
spent and experimental work canied out. This is because the high electrical activation 
achievable for the species has made it unnecessary to use a co-implanted species or other 
“exotic” mechanisms to further improve the electrical properties of the implanted layers.
Nevertheless, as in the case of the work canied out for the indium implants, a large 
quantity of data has been obtained on the effect of annealing conditions, implantation 
energies and doses, and substrate nature on the electiical properties of the samples 
produced. As in the case of the indium implants, the results have been compared with
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the achievements described in the literature to get a clear picture of the mechanisms 
involved in gallium diffusion and electrical activation. Several arguments have been put 
forward concerning the use of simulation software and its reliability when using 
particular* experimental specifications. Moreover, the results have been discussed in 
order to build up a link with the discussion of the results achieved for indium showing a 
substantial self-consistence of the data, the analytical tools and of the discussions 
concerning these two quite different aspects of the same topic. The achievements of the 
research can be summarised in what follows.
The gallium implants resulted in highly activated layers (>90%).
The trend of the electrical properties on the annealing conditions shows that gallium 
undergoes a process of deactivation. Namely, using higher thermal annealing budgets 
results in an increase of the resistance of the implanted layers. This is due to a 
displacement of the implanted species from the substitutional sites and it is the onset of 
precipitation. Although we have no evidence supporting this idea the results are quite 
similar* to those achieved for indium carbon co-implants, leading us toward the same 
kind of conclusions.
The careful analysis of the dopant distribution within the layer, in comparison with 
the simulation software outputs, brings us to conclude that even for a dose large enough 
to amorphise the implanted layer, to disregard the effect of channelling on the initial part 
of the implantation produces an erroneous estimation of the junction position. When 
implanting, in fact, through an amorphous layer the distribution is much more 
symmetrical with a closer* agreement with the simulation output.
The pre-amorphisation of the layer results not only in avoiding channelling effects, 
but also is effective in avoiding the segregation of the dopant within the EOR defects 
band. This effect, in turn, affects positively the electrical properties of the implanted 
layer* allowing a decrease of the resistivity.
The layers achieved produce such a high carrier* concentr ation that the value of the 
Hall scattering factor changes. Disregarding this effect can produce a large error in the 
determination of the sheet canier concentration, ie results in about a 30% higher value 
than the actual.
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The implantation of shallower layers results in an increase of the sheet resistance. 
To achieve the same value of resistance obtained for deeper implants, the implantation 
of a much higher dose is required. This produces incomplete activation of the implanted 
dose. Unfortunately, there aie no SIMS profiles, or RBS measurements to justify this 
effect in terms of any dose loss from the surface, but SRP analyses show that a very thin 
layer (<40 nm) of low resistance can be achieved. This can be a way to reach the goal set 
by the SIA roadmap.
As for indium, and mainly for the very same reasons, it would be an interesting step 
to investigate the use of this species in SiGe, and to explore the effect of laser treatment 
on the dopant distribution and activation.
8.3 Results validation
From a technical point of view, the analytical tools used in this work have been 
successful in producing a cleai* picture of the situation. The results are self-consistent 
and cleaiiy fall within well defined experimental trends. Moreover, the results coming 
from the different techniques are well linked, creating a network of justifications for all 
the results that aie substantiated by a simple mathematical model. The rare discrepancies 
between the data achieved are easily explained according to the limitations of the 
techniques quoted in the literature. This supports the idea that the methods followed to 
obtain the experimental data have been well chosen.
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A ppendix
Sample analysis
In this sections are briefly reviewed, from the theoretical backgi'ound and technical 
point of view, the analytical techniques that provided a limited and marginal, from the 
point of view of the quantity and the quality of the information provided, relevance in 
the research work carried out.
a) Transmission Electron Microscopy
Transmission Electron Microscopy (TEM) is a technique that provides physical 
images of the material analysed. It provides information about the damage induced by 
bombardment, the residual damage after annealing, the defects present inside the doped 
layer, with a resolution as good as 2 nm in the best cases. It is widely used to analyse 
finished devices as well as materials. The following sections will give a brief overview 
of the technique with particular* regard to the basic principles and the cross sectional 
analysis. For a more detailed treatment of the techniques see the following references 
[Rea91,Str91]
Basic Principles
The tr ansmission election microscope consists of electr omagnetic lenses arranged in 
a vertical column with an electron source, usually placed at the top, and a fluorescent 
screen at the bottom. For* a schematic view refer* to the figure A.I. The column is kept 
under a vacuum of at least 10’^  Pa. By applying a high voltage, typically about 200 kV, 
the electrons are accelerated across the column towards the screen. The electrons are 
collimated and converged along their path by means of suitable apertures (usually two) 
and electromagnetic lenses. By varying the d.c. cunent applied to the lenses and the size 
of the apertures it is possible to var*y the diameter of the beam (usually ranging from 1 
mm to about 2 nm) ariiving on the surface of the sample. The specimen, mounted on a 
special holder, is inserted approximately half-way down the column. Part of the 
electrons impinging on the sample will emerge from its backside.
155
Virtual Source
First Condenser Lens
Second Condenser Lens
Condenser Aperture
Sample
Objective Lens
Objective Aperture 
Selected Area Aperture
First Intermediate Lens
Second Intermediate Lens
Projector Lens
Mailt Screen (Pliosphor)
Figure A .l Schematic view of an Electron Microscope.
A set of (objective lenses) suiTounding it will focus the emerging electrons to form a 
diffraction pattern of the specimen in the lower focal plane. Immediately below the 
lower focal plane an inverted image of the specimen is created. The purpose of the lens 
placed after the specimen in the column is to magnify one of these two planes. By 
varying the cunent on those lenses it is possible to create a magnified image of either the 
diffraction pattern or the sample on the fluorescent screen. A camera is usually placed 
immediately underneath the screen to record the image created. The thickness of the 
sample plays an important role in the technique and in the quality of the image 
achievable. In fact, considering that the penedation power of elections in materials is not 
very lai'ge in order to achieve images it is important to have thin samples. In the 
particular case of silicon samples for study of 100 kV TEM the thickness limit is about 
0.2 pm. The thickness limit decreases as soon as heavier atoms are present inside the
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material since the electron penetiation power decreases. In general microscopes studies 
aie made in two types of sample configurations: plan view (horizontal) sections paiallel 
to the surface and cross-sections (also known as vertical sections) orthogonal to the 
surface. The first case is paiticulaiiy useful to study features distributed across the 
surface layer of a semiconductor wafer. The second case is useful to observe shaipness 
of an interface or to observe the depth distribution of an observable feature, such as 
defects, inside the layer.
The cross section was the operative mode satisfying our purposes. In this particular 
case the specimen prepaiation is quite long and it predicts several steps. From the 
mechanical cleaving of the wafer to the mechanical lapping to reduce the thickness to 
about 30 pm. Successively the thickness of the specimen has to be further reduced by 
mean of two ion beam (usually Ai' 4 kV 1mA) incident at a grazing angle (10°).
Experimental details
The election microscopy was canied out by Dr. Yun Wang using a JEOL 2000-FX 
TEM at the University of Surrey. The microscope operates at 200 keV with a nominal 
point to point of 0.3 nm.
The samples for cross sectional observations were cleaved into small pieces 
(typically 3 x 10 mm^), cleaned in sequence with tiichloroethylene, acetone and 
isopropyl alcohol and glued together (top surface in contact), with an epoxy resin. The 
glued samples were then cut into 500 pm thin sections using a diamond saw. These 
sections were then ground and polished down to a thickness of 30 pm, using silicon 
cai'bide and aluminium oxide grinding papers with giain sizes of 15 pm and 3 pm, 
respectively. The thin sections of the samples were then mounted into a 3 mm copper 
grid using silver dag, loaded into the beam miller (Model: Gatan 600) and bombarded 
using an Ai’^  beam accelerated to 5 keV with an incident angle of 15° until election 
transpaiency of the samples was obtained. The areas analysed by cross section TEM 
were of the order of 10 pm2 (typically 0.5 pm x 20 pm), so that the lower detection limit 
of defect density was ~ 10^  cm" .^
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b) Soreadino Resistance Profile 
The importance and techniques to achieve resistance measurements on the single 
specimen of semiconductors have been already reviewed in section 3.2.1. It was shown 
how coupling the measurements with a layer removal techniques gives a method to 
achieve information about the value of the resistance across the sample and, paiticulaiiy, 
about the earner depth distribution. Limits and reliability of the technique were, also, 
examined. Spreading Resistance Profile is another technique that allows similar 
information to be obtained. The technique does not simply represent an alternative to the 
Hall caiiier profiling, but it can be complementaiy to it. The DHM is unable to follow 
the cairier concentration at the tail of the distribution due to the practical limits of the 
measurement (such as carrier depletion region and changes in sheet resistance not large 
enough to produce reliable value for canier concentration). The SRP, however, allows 
the measurement of the tail of the implant, but fails to give the correct information on 
the peak concentiation of the canier distiibution, and this is the region where DHM is 
best. In the next section the basis of the technique will be briefly reviewed. For a more 
detailed tieatment the reader is referred to available textbooks and literature (see, for 
example [Paw91]).
Basic Principles
At the base of the spreading resistance technique there is the assumption that the 
resistance of small-diameter metal probe in contact with a semiconductor is given by the 
following equation:
R m = R b + R s  (A.l)
In the expression Rb is a banier resistance that is a function of material factors such 
as the nature of the probe and the condition of the semiconductor surface. Rs is the 
spreading resistance, which is a consequence of the radial cunent flow from the probe 
tip and depends only on the resistivity of the contact and the shape and size of the 
contact. In 1946 Holm showed that given a ciiculai" shaped contact, with radius a, on a 
semi-infinite semiconductor the spreading resistance assumes the following value 
[Hol46]:
Rs—p /4a  (A .2 )
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where p  is the resistivity of the semiconductor.
The unique advantage of this technique is that due to the cunent constriction and 
subsequent spreading, the potential drops in the close proximity (about 5 times the probe 
size) of the contact. Since modem technologies allow producing probes whose size is of 
the order of magnitude of few micrometers this reduces the sampling volume, in contrast 
with the four-point probe that uses the whole volume of the material.
In practical cases two probes, separated by a distance ranging from 15 to 600 p.m in 
order to avoid reciprocal perturbations, aie used with a small d.c. bias (typically 10 mV) 
to drive the cunent through them. It is assumed that both probes contiibute equally to 
the measured spreading resistance.
The real situation is not, however, as straightforwaid as the above explanation 
seems to indicate. There are, actually, problems related with the value of Rb, which is a 
strong function itself of the resistivity of the semiconductor and of the nature of the 
contact. The knowledge of the related physics is too limited to allow a full 
comprehension and modelling of the measurements. So the usual way to perform the 
measurement is compaiative. A calibration curve is measured for a given set of probes 
on a semiconductor surface. Then by mean of measurements and checks on the 
calibration curve it is possible to achieve an estimation of the value of resistance. This is 
possible, however, only if the conditions of the contacts remain stable.
In order to achieve reliable spreading resistance measurements it is, hence, critical 
to control carefully the quality of the contacts between metal and semiconductor and to 
alter it as little as possible.
Furthermore, equation A.2 is valid only in the case of a semi-infinitive 
semiconductor. In the real case a correction factor has to be intioduced. The calculation 
of this factor is quite complex requiring to take into account several boundary 
conditions. Several algorithms have been published in the literature.
Using spreading resistance measurement it is possible to measure values of 
resistance ranging over eight orders of magnitude. Moreover the technique maintains its 
sensitivity over the whole range of applications and, bevelling the sample at a small 
angle (5° or 10°) and moving the probes down the bevel in a small constant step (fi'om 1 
to 2,5 |Lim) it is possible to achieve a depth resolution better than 2 nm. The value of the
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resistance can be converted to a caiiier concentration by the use of published conversion 
data [AST87].
To perform this conversion it is assumed that the canier and dopant depth 
distribution aie the same. That assumption implies, in turn, the assumption that the 
mobility values that apply aie those measured for the bulk material. This assumption is 
not always valid leading to an underestimation of the canier concentiation when the 
actual mobility is higher than the used value and vice-versa.
Experimental details
Spreading resistance profiling (SRP) was conducted at Semiconductor Assessment 
Services Ltd., following the method outlined by Pawlik [Paw92]. Samples were ground 
to a bevel of approximately 8°, using high quality 0.1 pm polycrystalline diamond paste. 
Closely spaced (- 20 pm) pre-conditioned tungsten-osmium alloy probes with contact 
radii -1 .8  pm and probe loading -  5 g were used to take repeated measures of spreading 
resistance with a step length of 1.0 pm, for a vertical resolution of about 2.5 nm. A high 
quality optical microscope with dark field illumination and photographic camera was 
used to establish the starting point of profiles. Bevel angles were checked using a 
calibrated surface profilometer with accuracy of ± 1 %; hence, depths in the resulting 
profiles were accurate to the same percentage.
Smoothed spreading resistance profiles were estimated from the raw data using 
constrained cubic splines smoothing [Cla88]. This uses conventional cubic splines to fit 
the data, but the algorithm is constiained on the basis of an initial visual examination to 
identify trends and concave or convex regions in the raw data, thus ensuring that the 
smoothing coixects for random noise, rather than amplifying it. Resistivity profiles were 
derived from the smoothed profiles using the Berkowitz-Lux algorithm [Ber81]. For 
input into this algorithm, the calibration curve was estimated using simple lineai” 
interpolation between data points [Paw92].
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